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“OFF-THE-SHELF" VERSATILITY -— Lear produces electric motors 


by the million ...clutches by the thousands...and almost limitless assemblies of 
precision gearing. Here is exceptional in-house availability — a wide range of ratings ; 
and configurations of interchangeable building-blocks for fast, economical produc- 
MAGNETIC tion of electric servos — truly, “off-the-shelf” versatility. Aerospace applications 
POWDER _ include sub-miniature types for instruments and computers; control surface actua- 
ide CLUTCH tion for aircraft, drones and missiles; posi- waive OR TELEPNORE FoR 
tioning of gimbal-mounted rocket engines; [yy SERIES SPECIFICATIONS TO: 
telemetry tracking; and many other exacting LE A i 
control/actuation projects requiring high free == 
control and transmission of mechanical quency response with exceptional accuracy, ECTRO.MECHANICAL DIVISION 
power in all environmental extremes. reliability, and environmental capabilities. 110 10NIA AVE. N.W., GRAND RAPIDS, MICH - j 


i 
» 
|| 
4 
4 gt 
f 
> 
4 
EM-8 
> 


How do you detect, track. intercept—and destroy within 
minutes—an ICBM that is moving through outer space ten 
times faster than a bullet? 


Bell Telephone Laboratories may have designed the 
answer: Nike Zeus, a fully automated system designed to 
intercept and destroy all types of ballistic missiles—not only 
ICBM’s but also IRBM’s launched from land, sea or air. 
The system is now under development for the Army 
Ordnance Missile Command. 


Radically new radar techniques are being developed 
for Nike Zeus. There will be an acquisition radar designed 
to detect the invading missile at great distances. And a 
discrimination radar designed to distinguish actual war- 
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BELL TELEPHONE LABORATORIES 


World center of communications research and development 


More than 450,000 pounds of thrust lifts the U. S. Army’s Nike Zeus missile skyward in a cloud of vapor. The Nike Zeus missile being developed for the project by the 
Douglas Aircraft Company will be designed to intercept ballistic missiles traveling over 15,000 miles per hour, and destroy them at a safe distance from the defended area. 


do you stop an ICBM? 


heads from harmless decoys that may be included to confuse 
our defenses. 


The system tracks the ICBM or IRBM, then launches 
and tracks the Nike Zeus missile and automatically steers 
it all the way to intercept the target. The entire engage- 
ment, from detection to destruction, would take place within 
minutes and would span hundreds of miles. 


Under a prime Army Ordnance contract with the 
Western Electric Company, Bell Laboratories is charged 
with the development of the entire Nike Zeus system, with 
assistance from many subcontractors. It is another ex- 
ample of the cooperation between Bell Laboratories and 
Western Electric for the defense of America. 
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New York Coliseum 


October 9-15, 1961 


AMERICAN 


hrough the medium of the ARS SPACE 
FLIGHT REPORT TO THE NATION, the 
American Rocket Society, during the week 
of October 9-15, 1961, in New York Coliseum, 
will present a thorough and comprehen- 
sive review of the U. S. space program. 


The SPACE FLIGHT REPORT TO THE 
NATION will present for the first time 
under one roof a complete review of the most 
significant work being done in each of the 
major technical disciplines contributing 

to current progress in rocketry, missiles, 
and space flight, and one of the largest 

and most extensive technical exhibits ever 
undertaken in these fields. 


More than 300 technical papers will detail 
major space projects; will explore problems 
that must be solved to insure further, 
faster progress; and will stimulate pene- 
trating discussions by outstanding au- 
thorities in the audience. 


There will be three floors of technical ex- 
hibits and displays by more than 350 
manufacturers, suppliers, engineering or- 
ganizations, and governmental agencies, 
disclosing latest achievements, concepts, 
products, and ideas. 
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ARS SPACE FLIGHT 
REPORT TO THE 
NATION will present: 


@ Under one roof, at one time, in one 
place the most comprehensive review of 
all the contributing technologies to the 
U. S. space effort. 


@ Forty-two specialized technical ses- 
sions, all on the same floor with comfort- 
able lounge areas and conference rooms 
for informal discussions. 


@® Three unique Space Flight Report 
panels that will explore and interpret 
space missions, space vehicles, and the 
global impact of space events for the 
technical community at large. 


@ A new exhibiting technique called 
“Exhibiting in Depth”, permitting for 
the first time 3-dimensional displays 
with the main aisle running through 
the booths instead of by them. 


@® Main exhibit organized by NASA and 
DOD, representing U. S. space capa- 
bility, which will be 88’x50’ in floor 
area and will extend 60’ into the air. 


@ The history, purposes, and plans of 
ARS graphically displayed in a booth 
designed by Raymond 


For further information about reservations, 
program information or exhibit space 
contact 


REPORT TO THE NATION 


American Rocket Society 


h Ave., New York 36, N. Y. 
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Scope of ARS JOURNAL : 


This Journal is devoted to the advancement 
of astronautics through the dissemination of 
original papers disclosing new scientific knowl- 
edge and basic applications of such knowledge. 
The sciences of astronautics are understood 
here to embrace selected aspects of jet and 
rocket propulsion spaceflight mechanics, high 
speed aerodynamics, flight guidance, space 
communications, atmospheric and outer space 
physics, materiais and structures, human e 
neering, overall system analysis and a 
certain other scientific areas. The selection 
of papers to be printed will be governed by 
the pertinence of the topic to the field of astro- 
nautics, by the current or probable future 
significance of the research, and by the im- 
portance of distributing the information to the 
members of the Society and to the profession 
at large. 


Information for Authors 


Manuscript must be as brief as the proper 
presentation of the ideas will allow. Exclusion 
of dispensable material and conciseness of ex- 
pression will influence the Editors’ acceptance 
of a manuscript. In terms of standard-size 
double-spaced typed pages, a typical maxi- 
mum length is 22 pages of text (including 
equations), 1 page of references, 1 page of 
abstract and 12 illustrations. Fewer illustra- 
tions permit more text, and vice versa. 
Greater length will be acceptable only in ex- 
ceptional cases. 

Short manuscripts, not more than one 
quarter of the maximum length stated for full 
articles, may qualify for publication as Tech- 
nical Notes or Technical Comments. They 
may be devoted to new developments requir- 
ing prompt disclosure or to comments on 
previously published papers. Such manu- 
scripts are published within a few months of 
the date of receipt. 

Sponsored manuscripts are published occa- 
sionally as an ARS service to the industry. A 
manuscript that does not qualify for publica- 
tion, according to the above-stated require- 
ments as to subject, scope or length, but which 
nevertheless deserves widespread distribution 
among jet propulsion engineers, may be 
printed as an extra part of the Journal or as 
a special supplement, if the author or his 
sponsor will reimburse the Society for actual 
publication costs. Estimates are available on 
request. Acknowledgment of such financial 
sponsorship appears as a footnote on the first 
page of the article. Publication is prompt 
since such papers are not in the ordinary 
backlog. 

Manuscripts must be double spaced on one 
side of paper only with wide margins to allow 
for instructions to printer. Include a 100 to 
200 word abstract. State the authors’ posi- 
tions and affiliations in a footnote on the first 
page. Equations and symbols may be hand- 
written or typewritten; clarity for the printer 
is essential. Greek letters and unusual sym- 
bols should be identified in the margin. 
handwritten, distinguish between capital and 
lower case letters, and indicate subscripts and 
superscripts. References are to be grouped at 
the end of the manuscript and are to be given 
as follows. For journal articles: Authors 
first, then title, journal, volume, year, page 
numbers; for books: Authors first, then title, 
publisher, city, edition and page or chapter 
numbers. Line drawings must be clear and 
sharp to make clear engravings. Use black 
ink on white paper or tracing cloth. Lettering 
should be large enough to be legible after re- 
duction. Photographs should be glossy prints, 
not matte or semi-matte. Each illustration 
must have a legend; legends should be listed 
in order on a separate sheet. 

Manuscripts must be accompanied by 
written assurance as to security. clearance in 
the event the subject matter lies in a classified 
area or if the paper originates under govern- 
ment sponsorship. Full responsibility rests 
with the author. 

Preprints of papers presented at ARS meet- 
ings are automatically considered for publica- 
tion. 


Submit manuscripts in duplicate (orig- 
inal plus first carbon, with two sets of 
illustrations) to the Managing Editor. ARS 
JOURNAL, 500 Fifth Avenue, New York 36, 
N.Y. 


ARS JOURNAL is published monthly by the 
American Rocket Society, Inc. and the Amer- 
ican Interplanetary Society at 20th & North- 
ampton Sts., Easton, Pa., U. 8S. A. Editorial 
offices: 500 Fifth Ave., New York 36, N. Y 
Price: $18.00 per year, $3.00 per single copy 
Second-class postage paid at Easton, Pa., with 
additional entry at New York, N. Y. This 
publication is authorized to be mailed at the 
special rates of postage prescribed by Section 
132.122. Notice of change of address should 
be sent to the Secretary, ARS, at least 30 days 
prior to publication. Opinions expressed 
herein are the authors’ and do not necessarily 
reflect the views of the editors or of the 
Society. © Copyright 1961 by the American 
Rocket Society, Ine. 
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LIGHT CONVERSION 


ACTIVITY REPORT 


OW TO TURN LIGHT INTO MICROWAVES 


optical pumping of vapors at The Martin Company in 
Orlando, Florida, made theoretical calculations on the 
energy levels of various elements — including the highly active 
cesium. @ Dr. Derr felt that, if their conclusions were correct, an input 
solely of visible light could make cesium emit microwave energy 
_ with the strength and precision needed to power an ultrastable 
. frequency source. Others had made the transition from light 
= to microwaves, but always with the addition of a supplementary 
rf signal. @ In less than six months, a special development 
group set up to check Derr’s approach began to get 
results: light from a cesium lamp directed into a resonant 


cavity containing cesium vapor produced a coherent microwave | 
signal. @ This — the first continuous conversion of light 
into microwaves — is a product of the creative environment 
tn in Florida 


Scientific firsts like this are achieved when 
management backs up creative research with 
sound development programs. At The Martin 
Company in Florida there is a continuing 4 Sy 
need for engineers and scientists with the 
professional ability to help push forward tech- 
nological frontiers. For information about 
your place in one of our six major missile and electronics 
systems — or in our advanced programs, write: 
C. H. Lang, The Martin Company, Orlando 61, Florida. 


Immediate technical staff openings include: 

GUIDANCE & CONTROL SYSTEMS / HIGH RESOLUTION RADAR / FLUID DYNAMICS / AEROSPACE DYNAMICS / INFORMATION THEORY 7 
COMMUNICATIONS / DIGITAL COMPUTER RESEARCH / HUMAN FACTORS / OPERATIONS RESEARCH / WEAPONS SYSTEMS ANALYSIS 
All qualified applicants will receive consideration for employment without regard to race, creed, color or national origin. 


Led by physicist Vernon Derr, a research team investigating 
ten! * 
\ 
4 4! 
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Scientific and technical journals can be numbered in the 
thousands in the world today. Some are good, some are poor, 
only a few are outstanding. As one looks back over the devel- 
opment of science and technology since the Renaissance, one 
finds that certain fields of endeavor occasionally experienced 
explosive growth—like novas in the sky. The methods of 
communicating ideas and new knowledge during such extraor- 
dinary times assume very great importance. In spite of the 
great progress we have made in information theory, data 
handling and communication, the printed word is still the 
most effective method, and the periodic journal the most rapid 
vehicle, for diffusing complex material. 

Space flight engineering, and the sciences and industry it 
nourishes, is without question of the nova category, which 
would lead one to the expectation of finding an outstanding 
journal as one of its manifestations. There is no doubt in my 
mind that ARS Journat is that journal. 

Although the circumstances were favorable for the creation 
of an outstanding journal for the Society, the fact that it has 
achieved such a position in the world depends finally on the 
guiding hand of its editor. 

A journal of highest quality with an agreeable style of pres- 
entation and sustained vigor does not just happen. It is the 
achievement of someone who has a deep understanding of the 
field to be served, of someone who has the persistence to find 
good manuscripts and to stimulate authors to prepare them, 
of someone with the strength to refuse poor manuscripts and 
to accept manuscripts with novel ideas. Furthermore, it is 
the result of continuous effort of meeting and talking with 
people who work within the domain of the journal, of getting 
along with and listening to those who formulate long- and 
short-term publication policies, of maintaining a spirit of good 
cooperation among those directly concerned with the journal’s 
production. And, especially in our time, it requires one who 
is able to placate the spectre of secrecy without allowing the 
breath of science to be strangled by the lack of free flow of new 
information. 

In Martin Summerfield, the American Rocket Society has 
been fortunate to find an Editor who has these attributes. 
He has grown up with and contributed in good measure to the 
basic research upon which rests the development of rocket 
power and astronautics in America. In 1940, he became a 
part of the “Galcit Project,” the nucleus at the California 
Institute of Technology from which have flowered both the 
Jet Propulsion Laboratory and the Aerojet-General Corpora- 
tion. He has made important contributions to the theory and 
design of liquid- and solid-propellant rocket engines, and in 
recent years has been particularly concerned with combustion 
problems. In 1945, he wrote with Frank J. Malina a paper 
on “The Problem of Escape from the Earth by Rocket” which 
is recognized as a classic in the literature on step-rockets. 

In 1949, I became Chairman of the Editorial Board of the 
12-volume series High Speed Aerodynamics and Jet Propul- 
sion; then I invited Dr. Summerfield to become the first 
general editor of the series, which was to be published by the 
Princeton University Press. He played a large part in formu- 
lating the scope and content of the series and also wrote the 


section on the liquid-propellant rocket engine in Volume XII. 
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| Ten as Editor 


As Professor of Jet Propulsion and Aeronautical Engineering 
at Princeton University, he has actively pursued his own re- 
search and devoted much time and thought to the teaching of 
advanced courses in jet propulsion. The challenge to the 
nation of modernizing higher education has in recent year 
been of much concern to him. 

This month marks the Tenth Anniversary of Dr. Summer- 
field’s editorship of the JouRNAL since he took over as Editor- 
in-Chief with the September 1951 issue. During his ten years 
as Editor, the Society has grown in membership from 1600 to 
19,000 members, and nonmember subscriptions to the Jour- 
NAL have increased from 250 to 2100. One criterion for 
judging the quality of a journal is the number of subscrip- 
tions above the membership of a society and its international 
circulation. There is no doubt that by this criterion alone 
ARS JourNat is the outstanding journal of its kind in the 
world today. 

The statement of the fact that knowledge has no national 
frontiers cannot be repeated too often. Foreign authors have 
been welcomed to appear on the pages of ARS JournaL. The 
introduction into the JourNAL in 1959 of translations from 
the Russian language of important articles by Soviet authors 
has been an important contribution to the development 
of the astronautical sciences. 

It is interesting to note that, when Martin Summerfield 
took over the editorship of the JouRNAL in 1951, there were 
many in the Society who resisted the publication of articles 
dealing with space flight. However, at the meeting of the 
Directors of the Society in November of that year, Andrew 
G. Haley took a strong stand in favor when he stated that 
he felt “there was no irreconcilable difference between the 
present engineering problems in the rocket field and future 
developments in the astronautical field.” He felt that the 
American Rocket Society had to have a reason for its future 
existence, and space travel provided this. Also, H. R. J. 
Grosch, President of the Society, stated: ‘It is obvious that 
the engineering problems presented in the JOURNAL are 
essential and must be continued in an effort to do our part in 
the defense program, but it would be a mistake to completely 
exclude consideration of the long-term project—space travel. 
We must definitely not shirk our responsibilities to the rocket 
field, but we must keep this long-term project in mind—for 
instance, such things as satellite stations, space ships, inter- 
planetary travel, etc.” 

In ten short years after this debate, the JouRNAL finds it- 
self bringing to its readers articles which will help to achieve 
the national goal of placing a man on the moon within the 
next ten years! 

One can be sure that ARS JourNAL, under the editorship of 
Martin Summerfield, will keep pace with the rapid growth of 
the scientific and technological knowledge in the fields of 
rocketry and space flight. I am sure, too, that it is on behalf 
of all members of the Society, editors and readers, that we 
= him good health and — for his future activities. 


Theodore von Kérman 
_ (With the cooperation of 
Frank J. Malina) 
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Or THE methods of ene rgy conversion currently receiving 
renewed, major research attention (1),! three, power 
sources, represented by the thermionic converter, the 
thermoelectric generator, and the fuel cell, are particularly 
attractive for possible use in space. Such power sources must 
above all be reliable, otherwise the electrical equipment will 
not function properly and satisfactory communication cannot 
be maintained. They must have at least the needed life, 
which will be short in a rocket but long in a satellite. Power 
sources should be light and compact, e.g., a saving of 1 Ib in 
the weight of an orbiting satellite may reduce the weight of 
propulsion vehicle and fuel required for launching by 50 to 
1000 lb. 

The fuel cell is a promising power source of great versa- 
tility. It can serve as a primary converter of chemical 
energy or as a component of systems into which other kinds 
of energy (heat, solar, nuclear) are introduced and stored to 
be consumed as electricity when needed. Compact and 
flexible as to form, it gives promise of simplicity, high eff- 
ciency and long life. It uses fuels of high energy. In cer- 
tain modifications, it is light and adaptable to gravity free 
operation. 

As yet, the emphasis in the preceding paragraph must be 
upon “promising.’”’ Because more research and develop- 
ment activity will be directed toward fuel cells during the 
next decade than has been in all their long previous history, 
rapid progress is assured. Yet it is well to remember that 
other power sources are also receiving greatly increased at- 
tention, and that fuel cells will have to compete for space 
applications against devices—even long established devices 
such as conventional batteries-—that are still being developed. 


Received June 14, 1961. 
' Numbers in parentheses indicate References at end of paper. 
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Fuel Cell Described 


H. A. LIEBHAFSKY "= 
and W. T. GRUBB Jr. 


General Electric Research 
Laboratory 
Schenectady, N. Y. 7 


In the current literature, “fuel cell” is used indiscrimi- 
nately to include many electrochemical devices. The fol- 
lowing definition will apply here: A fuel cell is an electro- 
chemical device in which energy of reaction between a con- 
ventional fuel and oxygen is converted directly and usefully 
into low voltage d-c electrical energy. Individual fuel 
cells when combined in parallel or in series make fuel batter- 
ies; here the term “fuel battery” will not be used. 

Fuel cells differ from ordinary batteries in several im- 
portant ways. Ordinary batteries store in themselves the 
chemi¢al energy to be converted; the substances these 
batteries consume at anodes (e.g., zinc, magnesium, or lead) 
are not really fuels—certainly not conventional fuels. 

Ordinary batteries, both primary and secondary, can deliver 
large amounts of electricity in sudden discharges because 
they convert chemical energy stored within them. The fuel 
cell cannot do this because it is the converter alone; fuel and 
oxygen must be brought to it just as they must be brought to 
a central station generating electricity. Consequently, fuel 
cells will have greatest advantage over ordinary batteries 
when loads are moderate and long continued. 

As ordinary batteries do not consume conventional fuels, 
it follows that the electrochemical reactions at their anodes 
are greatly different from those at the anodes of fuel cells. 
In general, there is also a great difference at the cathodes. 
In ordinary batteries, the substance reduced is usually a 
compound—manganese dioxide, lead dioxide, silver oxide— 
but in fuel cells it is always the element oxygen, either as 
such or as a constituent of air. 

Conventional fuels are the fossil fuels, coal and hydro- 
carbons found in nature, and substances easily derived there- 
from, such as hydrogen, carbon monoxide, and the simpler 


Research Laboratory in Schenectady, N. Y. 
_ assumed his present position in 1951. 


the faculty from 1929 to 1934. 
Forces in the European Theater of Operations. 


recent book. 


and is the author of 15 papers. Ve 
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Dr. Herman A. Liebhafsky is manager of the Physical Chemistry Section of the General Electric 
He joined the staff of the Laboratory in 1934 and 
His fields of specialization are physical and analytical chem- 
istry. Dr. Liebhafsky received his B.S. from Texas A & M, his M.S. from the University 
of Nebraska, and his Ph.D. from the University of California, where he was a member of 
During World War II, he served as a technical observer for the Armed 
He is the author of more than 100 scientific papers 
and is an authority on the use of X rays in chemical analysis, a field in which he is coauthor of a 


Dr. Willard Thomas Grubb studied chemistry at Harvard University, where he was a member of 
Phi Beta Kappa, receiving his B.S. summa cum laude in 1946. 
in physical chemistry from Harvard in 1949, he joined the General Electric Research Labora- 
tory, where he has engaged in research in several fields including polymers, ion exchange mem- 
branes, and fuel cells. Dr. Grubb holds the basic patent on the ion exchange membrane fuel cell 
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alcohols. In general, the cheapest fuels are the most abun- 
dant, but cheap fuels tend to react sluggishly at fuel cell 
anodes, especially if the fuels are solid. Fortunately, even 
the most costly conventional fuel is economical for space 
applications, and it is thus unnecessary to discuss here the 
difficult problem of using coal, carbon monoxide, or natural 
gas (methane). The other hydrocarbons, hydrogen, alcohols, 
and similar compounds are available for use in space. 

Fig. 1 shows a simple fuel cell close to practical realization. 
Some years ago Grubb (2,3,4) introduced ion exchange mem- 
branes as the sole electrolytes in various devices, fuel cells 
included. In acid membranes, only the hydrogen ion carries 
current, since no other ion is free to move. Niedrach (5) 
succeeded in raising the current density in hydrogen fuel 
cells incorporating such electrolytes; further development 
was reported by Oster (6). 

As all fuel cells, the one in Fig. 1 consists of an anode and a 
cathode with an electrolyte between. The reactions are 


Anode: H.(g) = 2H* + 2e [1] 
Cathode: 1/2 O.(g) + 2H*+ + 2e = H,O(/) [2] 

Sum: H.(g) + 1/2 O.(g) = [3] 

Abbreviations: , electrons; g, gas; l, liquid 


The directness of the fuel cell is its main attraction. There 
is nothing random about the principal processes in the ideal 
fuel cell. The electrons want to leave the fuel at the anode 
(Reaction [1]) and to be captured by oxygen at the cathode 
(Reaction [2]), and they are willing to work en route. Con- 
trast this simplicity with what happens in the present central 
stations. The chemical energy is randomized as heat when 
the fuel is burned under the boiler. But work is a directed 
process, and to acquire the needed direction, which in the fuel 
cell is never lost, steam must be put through a guided ex- 
pansion, as in a turbine. Carnot discovered the price that 
must be paid when heat (random) is converted into work 
(directed). The fuel cell escapes this penalty; it is not 
Carnot cycle limited. 

The fuel cell can thus convert the energy of the reaction 


Conventional Fuel + Oxygen = Oxidation Products [4] 


directly into electrical energy, bypassing wasteful inter- 
mediate conversion into heat. The maximum useful obtain- 
able work (here, electrical) AG is related to the reversible 
electromotive force E, of the fuel cell 


AG = —E,It (the minus sign is arbitrary) [5] 


Ht—. a 
+2e 
HYDROGEN OXYGEN(AIR) WATER (+NITROGEN) 
IN OUT 


Schematic croSs-section diagram of ion exchange mem- 
brane fuel cell 


Fig. 1 
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In Eq. 5, E, is the electromotive force of the fuel cell in which 
Reaction [4] is being carried out isothermally and reversibly 
to deliver a current J for the time ¢ required to consume 1 
mole of fuel. The ideal efficiency is 


ni = —E,It/AH 


where AH is the heating value, usually the higher heating 
value, of 1 mole of fuel. #, is the maximum driving force 
available to send electrons from anode to cathode in Fig. 1. 
The energy changes in the various Reactions [4] limit F, to 
about 1 v. 


Actual 


In a fuel cell under load, the actual electromotive force 
E, will drop below E, for some or all of these reasons: 

1 An unwanted reaction may be occurring at anode or 
cathode (or elsewhere in the cell). 

2 Hindrance to reaction at anode or cathode. 

3 Concentration gradients in the electrolyte. 

4 J°R heating in the electrolyte. 

The actual efficiency of the fuel cell is 

> 


Na = —E,It/AH (see 6) 


In general, the three quantities in the numerator above 
are dependent variables. The difference between the useful 
work in actual operation —Z,/t and the maximum useful 
work in reversible isothermal operation —/,Ji must appear 
as rejected heat. The rejected heat q (see Table 1) is an im- 
portant design parameter, particularly in space applications. 


[6] 


7] 


Performance Requirements 


In an ideal fuel cell, maximum performance is obtained 
under convenient conditions for maximum time. This can 
be translated into more scientific terms. 

Obviously 7?R losses should be minimized. To this end 
electrodes must be close spaced, and the electrolyte must 
have high ionic and negligible electronic conductivity. 

The other less obvious but important performance re- 
quirements are conveniently grouped under two headings: 
reactivity requirements and invariance requirements. 


Reactivity Requirements 


An ideal fuel cell will satisfy the following reactivity re- 
quirements: 

1 Proper stoichiometry: complete oxidation of fuel; 
HO and/or CO. the only substances formed in the usual 
sase. 

2 High and unimpeded electrode reactivity: 
rent density, E./F, approaching unity. 

It will be noticed that the reactivity requirements relate to 
the rates and mechanisms of electrode reactions. In more 
detail: 

1 Practical fuel cells have maximum voltages not much 
different from 1 v. Voltages may be disregarded in discuss- 
ing proper stoichiometry. The quantity of electricity from 
one mole of fuel, J-t, will not be a maximum unless the fuel 
is oxidized to CO, and/or H,O. For example, carbon oxi- 
dized to CO yields only 2 Faradays of electricity per mole in- 
stead of the 4 that pass through the circuit if CO. is produced 
at the anode. Therefore, other things equal, only half as 
much useful work will be done in the former case. Thus, 
maximum performance requires proper stoichiometry. 

2 High and unimpeded electrode reactivity will naturally 
bring high current density with it. But if 7? losses are low, 
it will also make possible a close approach of EF, to E,, the 
maximum possible electromotive force, which is attained only 
in a cell operating reversibly. 

The current density J/A (A is electrode area) is of par- 
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@ Hours to consume 1 mole (2 gm) of hydrogen. 
> 1 w-hr = 860 cal. 


Table 1 Operating data for 100-w hydrogen ion exchange membrane fuel cell® 


0.44 
0.375 


See Eqs. 6 and 7. 


amp/ft? amp hr 

122 

25 78 143 


© The higher heating value of hydrogen at 25 °C is AH = 68,320 cal. 

4 Note that the rejected heat q is the difference between AH and E,It. 

* Data on the characteristics of ion exchange membrane fuel cells were supplied by D. L. Douglas, Manager, 
Fuel Cell Engineering, Aircraft Accessory Turbine Dept., General Electric Co., Lynn, Mass. 


E,It,” 
cal na cal Dé 
37 , 850 0.55 30,470 81 
32,250 0.47 36,070 112 


See Eqs. 6 and 7. 


D is the rate of heat rejection in watts. 


ticular importance in space applications because it has an 
important influence on the size and weight of the cell. As 
will appear later, one cannot arbitrarily say that a fuel cell 
ought to operate at the highest possible current density. 
Each fuel cell parameter must be a compromise, and good 
design must ensure that each compromise be the best for the 
application under consideration. 

The chief ways of meeting reactivity requirements are by 
increasing the gas electrode electrolyte interface, such as 
by using porous electrodes; by using catalysts, either as 
electrode materials or incorporated in them; by raising pres- 
sure; by raising temperature; and, particularly for space 
applications, by proper choice of fuel. 


Invariance Requirements 


The fuel cell is solely a converter of energy. The converter, 
to start with, should be built as well as possible, and should 
remain invariant to insure long life. Invariance, or long 
life, requirements are: 

1 Nocorrosion or side reactions. 

2 Invariant electrolyte. 

3 Nochange in electrodes. 

The invariance requirements are more drastic and less ob- 
vious than might appear. A few examples follow. In the 
hydrogen fuel cell of Fig. 1, diffusion of hydrogen through 
the electrolyte could lead to undesirable side reactions; mixing 
of fuel and oxygen ought always to be avoided. Catalysts 
can be poisoned. The pores in porous (“gas diffusion’’) 
electrodes can become filled with too much liquid, gas, or 
extraneous materials; in any such case, they are put out of 
action. If the wrong ions carry current, the electrolyte will 
not remain invariant, and the anode and cathode reactions 
(only fuel oxidized at anode; only oxygen reduced at cathode) 
may be thrown out of balance. In general, invariance re- 
quirements are met by a proper choice of materials and of 
operation conditions. 

Reactivity and invariance requirements are interrelated. 
If, for example, one must go to high temperatures to obtain 
high reactivity, it will usually be more difficult to keep the 
fuel cell invariant. 

The ultimate goal of fuel cell research would seem to be a 
cell in which a cheap hydrocarbon, say methane or propane, 
is consumed at room temperature and pressure, all invariance 
and reactivity requirements being met. No fuel cell today 
achieves this goal. But encouraging progress is being 
made; in general, gains made with hydrogen are subsequently 
applied to hydrocarbons. 

Particularly striking is the great improvement in gas dif- 
fusion electrodes. Here high porosity provides an extended 
interface at which electrode, gas, and electrolyte meet, i.e., 
Grove’s “notable surface of action” (7). The difficulties 
indicated above for these electrodes have been greatly 
mitigated by Bacon (8), Justi (9) and others by building them 
of two layers differing in pore size, the layer facing the elec- 
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t.olyte having the smaller pores. The gas enters the larger 
pores, and the reactive interface is near the junction of the 
two layers within the electrode. 

In the case of carbon gas diffusion electrodes, outstanding 
progress (10) has resulted from incorporating catalysts into 
electrodes of controlled porosity on which water repellent 
materials act as an adjunct to prevent filling of the pores with 
electrolyte. 

Hydrocarbons in cells with aqueous alkaline electrolytes 
can lead to serious lack of electrolyte invariance. Anodic 
oxidation of the hydrocarbons yields products such as CO, 
that react with these electrolytes. A cheap and simple 
remedy, i.e., a suitable way of regenerating a spent electro- 
lvte, is badly needed. 

The Esso Research and Engineering Co. (11) has made 
welcome progress in the anodic oxidation of hydrocarbons. 
I:thane has been oxidized almost completely to carbon dioxide 
and water, an experimental value of 13.8 having been ob- 
tained for n, the number of Faradays per mole, as against a 
theoretical value of 14. At these conversions, the sustained 
current density was 7 amp/ft? and the open circuit voltage 
was 0.92 v. 


Efficiency, Current Density and Rejected Heat 


When small currents are drawn, values of na will approach 
those of 7; in a good fuel cell; this means that efficiencies 
nbove, say 0.80, can be realized. But high efficiency at low 
current density is a will-o’-the-wisp because one cannot 
usually afford to build an outrageously large fuel cell. Con- 
sequently, efficiencies must never be dissociated from the 
corresponding current densities. At the higher current 
densities, say above 50 amp/ft?, efficiencies 7. are usually be- 
tween 0.40 and 0.70; this is still very good in comparison with 
those of most other power sources. 

One might be tempted to conclude that the efficiencies 
just quoted give the fuel cell a marked advantage over the 
thermoelectric generator and the thermionic converter, for 
‘ach of which the Carnot cycle efficiency is an upper limit 
not yet reached. But efficiency is only one factor, and de- 
cisions cannot be based on it alone. 

As an illustrative example, consider two 100-w hydrogen 
ion exchange membrane fuel cells for a space ship. For such 
cells, the data in Table 1 might apply. At the higher current 
density, the cell is smaller, but it uses fuel, and oxygen, at 
a higher rate than at the lower current density with its con- 
comitant higher efficiency. Further, there is more rejected 
heat in the former case, and this heat will be rejected in a 
smaller volume. 

The simplicity of the illustrative example is deliberate. 
It is intended to emphasize the lack of knowledge on which 
sound decisions can be based. For example, the following 
are among the things one needs to know in order to decide 
between the two cells described above: operating life at each 
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disposed of, and by what means; the relative weights and 
volumes of the complete fuel cell assemblies. The cell 
areas, which are in the ratio of about 2.1 to 1, do not begin 
to tell the story. Anyone facing the design of an actual space 
vehicle is unlikely to find the fuel cell literature overburdened 
with useful data. 

It should be noted that the fuel cell is not the only source 
of rejected heat. Much of the energy furnished by the cell 
and usefully employed for electronic and control systems also 
appears eventually as heat; this heat must also be rejected. 


Present Status of Fuel Cell Development 


Present day fuel cells, as tabulated in Tables 2 and 3, fall 
into three broad classes according to their operating condi- 
tions: Type 1, high temperature, low pressure; Type 2, 
moderate temperature, high pressure; Type 3, low tempera- 
ture, low pressure. No work has been done on high temp- 
erature, high pressure cells because of the serious technical 
difficulties to be expected. 


current density; the extent to which rejected heat must a ‘ Performance data for tuel cells must be loosely interpreted. 


For one thing, nearly all cells listed are under continuing 
investigation with constant improvement. In addition, the 
performance of some cells, especially those of Type 1, can 
be varied over wide ranges by changing the operating tem- 
perature. The following performance data are guides to 
what has been done: Type 1, smaller than 100 w, continuous 
operation up to six months. Type 2, up to 5 kw, continuous 
operation over 1000 hr. Type 3 (Allis-Chalmers), 15 kw with 
continuous operation probably measured in hours. Type 3 
(National Carbon), 100 w with continuous operation for 
more than a year. 

Prime contenders for space power are Types 2 and 3, 
Type 3 has operational advantages deriving from the absence 
of elevated temperatures and elaborate pressure controls. 


Problems of Gravity Free Operation 


If gravity is absent, or if the gravitational field changes, 
it is difficult to keep fluid electrolytes where they belong, i.e., 


No. Organization 
1 G. E. Research Lab. 
2 Sondes Place Research Lab. 
3 University of Amsterdam 
4 Messrs. Marshall Ltd. 
5 Patterson-Moos 


U.S.A. 


(Div. of Leesona Corp.) U.S.A 

6 Esso Research Lab. U.S.A 

7a G. E. Research Lab. U.S.A 
7b G. E. Aireraft Accessory Turbine 

Dept. U.S.A. 

7¢ G. E. Missile Space Vehicle Dept. _-U.S.A. 

8 National Carbon Co. U.S.A. 

9 Allis-Chalmers Co. U.S.A. 


10 STEAG, Ruhrchemie and T. H. 


Table 2 Partial log of fuel cell activity : 


Country 


Great Britain 
Netherlands 
Great Britain 


Typeof 

fuel cell@ Remarks 
1 


Cell developed by F. T. Bacon 


U. S. Licensee of Bacon fuel 
cell patents 


Units for military applications 
being built by departments 


Braunschweig 
11 Ionics, Inc. =e U.S.A. 3 
Temperature Pressure 
* Type 1 Above 300 °C Approximately atmospheric 
Type 2 100 to 300 °C High (up to 600 psi) 
Type 3 Below 100 °C Approximately atmospheric 
ner. Table 3 Approximate data for fuel cells on Table 2 
Principal 
No. fuel Current 
(see Table 2) Electrodes Electrolyte (other fuels) density* 
| porous metal fused carbonates H.(CO) low 
2 porous metal fused carbonates H.(CO, CH,) : : low 
7 3 porous metal ; fused carbonates H.(CO, CH,) low 
porous metal aqueous KOH He high 
ay. 5 porous metal aqueous KOH H: 
6 porous metal aqueous KOH He, C2H¢ high 
metal powder jon exchange 
membranes H: low 
activated porous carbon aqueous KOH high 
iar 9 unpublished unpublished gas mixture said to be 
10 porous metal aqueous KOH Hz (alcohols glycols) high 


* low—below 100 amp/ft? at 0.8 v. 


high—above 100 amp /ft? at 0.8 v. 
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between and in contact with the electrodes. Normally an 
electrolyte solution such as the sulfuric acid in an automobile 
battery takes the shape of the container (battery case) under 
the pull of gravity, and it remains as a continuous ionically 
conducting path between the electrodes as the acid fills the 
case from the bottom to a level surface which is determined 
by the total volume of liquid present. That this simple 
situation will not exist at zero gravity seems certain. In the 
absence of gravity, discontinuities in electrolyte path over 
part or all of the active area of the cell become possible. 
Leakage protection will be required all around the unit since 
the electrolyte is now as capable of flowing out at the top as 
of staying at the bottom. Ina fuel cell, weightlessness could 
increase the risk of mixing gaseous fuel and oxygen, always 
undesirable and possibly fatal. 

Most fuel cells now being considered for practical applica- 
tions have a gas reacting at each electrode and have water 
formed as reaction product. Consequently, the problems of 
gravity free operation are likely to be more difficult with fuel 
cells than with primary or secondary batteries, both of which 
can be sealed and in which gases are usually involved only as 
products of undesirable side reactions. 

A few obvious possibilities to help control the location of 
fluids in zero gravity are: 

1 Use of rotational motion to produce forces to replace 
gravity (12). 

2 Use of capillary action to prevent unwanted migration 
of electrolyte as is done in the double-layer gas diffusion 
electrodes. 

3 Use of solid or quasi-solid electrolytes. 

The third solution seems the best. Ion exchange mem- 
branes, as in No. 7, Tables 2 and 3, appear to be the only such 
electrolytes used in fuel cells today. Because these mem- 
branes are mechanically coherent, and because satisfactory 
operation of the electrodes is not contingent upon the estab- 
lishment of a particular gas-liquid-solid interface, No. 7 type 
cells should operate satisfactorily in a gravitational field that 
is zero or variable. 

A No. 7 type cell has operated satisfactorily at low current 
density in this Laboratory for two years. Operation has 
been continuous with hydrogen and oxygen each under static 
head, a simple arrangement attractive for space applications. 
On Oct. 13, 1960, a cell of this type was launched into space 
and retrieved after having operated satisfactorily for about 
30 min in accordance with expectations (18). 


Power and Weight Considerations 
Because the fuel cell is distinguished by separation of the 
energy conversion function from the energy storage func- 
tion, it can be sized according to the power (watts) required. 
The fuel and oxygen supplies are sized according to the total 
power-time integral (total w-hr) of the mission. These ideas 
are expressed in Eq. 8. The analogy to the corresponding 

rocket problem is obvious. 


W-A W. + AB Wro [8] 
where 


W = total system weight _ 
W. = weight of fuel cell per w of power output 
Wro = weight of fuel, oxygen and containers per w-hr 
A power output,w 


B = duration of mission (operation), hr 


W. and Wro both depend upon F,. WW, has its minimum 
value at maximum power output, where EZ, is about one half 
E,. Wro is at a minimum when E, = E£E,, where W, is in- 
finitely large. 

The optimization of total weight W requires choosing the 
proper value of Z, in the range 0.5 E, to E,. This can be 
done mathematically if an analytical expression for the 


Table 4 Comparative system weights for two 10,000 w-hr 
missions 
Mission AW,, lb AB(E,/Eq) Wero', W, |b 
1 0.70 23.0 148 171 
1 0.82 49.0 126 175 
2 0.70 0.46 148 148.5 
2 0.82 0.98 126 127 


polarization curve E, as a function of current density is 
available. 

E,, the limiting value of Ea, is given by Eq. 5. Again we 
deal here with the complete oxidation of one mole of fuel. 
As this mole contains n equivalents, each of which repre- 
sents one Faraday (F = 96,500 coulombs) of electricity, nF 
may be substituted for Jt in Eq. 5. 

For the calculation of W yo, it is convenient to express the 
free energy change as w-hr/lb-mole, and to denote it by AG’. 
We then have 


(M, + 32m + C) 
AG’ 


E, 
Fo = = ro’ |9] 


where 


M, = molecular weight of fuel 

m number of moles of oxygen consumed in the com- 
bustion of one mole of fuel (molecular weight of 
oxygen is 32) 

weight of containers allocated to one mole of fuel + 
m moles of oxygen 


Substitution in Eq. 8 gives 


W = AW. + AB (E,/Ea) Wro’ 0) 


For the fuel cell of Table 1, a reasonable value of W, is 
0.046 lb/w at 25 amp/ft?, and FE, = 0.7 v. With weight 


proportional to cell area, W. = 0.098 lb/w at 10 amp/ft? 
For hydrogen and oxygen in high tensile 
If the 


where EF, = 0.82 v. 

strength steel containers, Wro’ = 0.0084 Ib/w hr. 

cell operates at 25 °C, FE, = 1.23 v. = 
Let us now consider two 10,000 w-hr missions: 


Mission 1 500 w for 20 hr a 
A=500 AB = 10,000 
Mission 2 10 w for 1000 hr 

A= 10 AB = 10,000 


Table 4 shows the weights of fuel cell and fuel for the two 
missions for two values of Ea. 

For high power levels and short times the cell should be 
run at high current density to minimize cell weight; but for 
small power level and long times the current density should 
be low in order to minimize total fuel weight by taking ad- 
vantage of higher efficiency. It has already been pointed 
out that for short discharge times at high current densities, 
fuel cells are generally inferior to ordinary batteries. 

On the other hand, the fuel cell is distinctly superior to such 
batteries for missions long enough so that the first term of 
Eq. 8 is small compared with the second. For the best fuel 
cells available today, this probably occurs when the length 
of the mission is about 24 hr. The energy density of the fuel 
oxidant system and the operating voltage of the fuel cell then 
determine the number of w-hr per lb of total system. Of 
course, the weight of containers for fuel and oxygen must be 
included; this is especially important when gases are in- 
volved. Some approximate energy densities for several 
hydrogen-oxygen packaging systems are listed in Table 5. 


4 Bottled gas is an unlikely choice for space application but 
may be used for illustrative calculations. 


= 
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§%Because hydrocarbon cells suitable for space missions are 
still in the future, hydrocarbons have not been considered in 
Table 5. Hydrocarbons, especially those readily liquefiable, 
possess the advantages of high energy density and ease of 
packaging. Liquid fuels of lower energy, such as alcohols, 
give promise of greater anodic reactivity than hydrocarbons 
and may consequently find earlier use in fuel cells for space 
missions. 


Long Mission Problem 


Reliability and long life are likely to override other con- 
siderations governing the choice of power sources for long 
missions. 

Assuming a value of 100 w-hr/Ib of total system (see Table 
5), one may calculate the total weight for a mission in which 
a fuel cell operates continuously at 100 w for 2 years. Such 
a mission would require 1,752,000 w-hr or a total weight 
W of 17,520 lb, which is prohibitive. For missions of this 
kind, the fuel cell can be useful only if it is integrated with a 
primary source of energy that does not overload the space 
vehicle. 

Nuclear energy, derived from radioisotopes or fissionable 
fuels, and solar energy are the two kinds of energy primarily 
to be considered for long missions. Each will be characterized 
only as required by this discussion of the fuel cell. 

Today nuclear energy must undergo intermediate con- 
version to heat if it is to serve as a practical source of elec- 
trical energy (14), the production of which is then subject to 
the Carnot cycle limitation. Converters such as the thermo- 
electric generator and the thermionic converter which are 
subject to this limitation in any case are natural choices for 
nuclear energy systems. If these converters could be made 
to operate satisfactorily near the highest temperature of which 
a nuclear reactor is capable, the Carnot cycle limitation would 
not be serious. (The materials problems at high tempera- 
tures need further study for both converters.) Nuclear 
energy cannot be used without adequate shielding or remote 


Table 5 Comparative energy densities of hydrogen and 
oxygen in various packaging systems 
Approx. energy 


Fuel cell density of fuel 
voltage E,, plus containers, 
Fuel oxidant system Vv w-hr/Ib 
and gases 5000 psi 
in high strength steel tanks 0.80 78 
He and gases at® 3000 psi 
in resin-fibre glass con- 
tainers 0.80 150 
Liquid and in cryogenic 
containers® 0.80 700 
Chemical and 
generation 0.80 220° 
Comparison‘* 
Lead acid batteries 10 
Silver-zine batteries 40-80 


* For example, reacting with NaBH, to form 
and with KO, to form Oy. 

® Weight of control and water input systems and com- 
pleteness of reaction are uncertain. 

© Comparison is valid only for missions above 24 hr 
(see text). 

4 Data for gas and liquid storage were supplied by D. 
L. Douglas (see Table 1). 

© Calculated from data of F. T. Bacon, Fuel Cells, ed. by 
G. J. Young, Reinhold Publishing Corp., N. Y., 1960, 


positioning of the source; this is not easy to do for manned 
flights. Finally, the useful life of a given nuclear energy 
source depends either on its half life (radioisotope) or upon 
the “burnup” attained (fissionable fuel). In both cases, 
however, operating life could eventually be measured in 
years. To compete successfully, the fuel cell would need to 
outperform the thermionic converter and the thermoelectric 
generator. 

Solar energy (15) is being converted directly into electrical 
energy via silicon solar cells at efficiencies near 10%. Solar 
energy can also be changed through heat to electricity in a 
thermionic converter, and it may be used in stil! other ways. 
The point of importance here is this: Solar energy itself is 
weightless, but it is available only during the orbital day. 
There must be provision for energy storage (16) if energy is 
needed during the orbital night. The fuel cell might qualify 
here as a storage device. 

A fuel cell used thus in conjunction with either a nuclear 
energy source or a solar converter is said to be coupled to, 
or integrated with, the energy source for regenerative opera- 
tion. ‘Regenerative’ means that fuel and oxidant are re- 
generated in the operation of the system either thermally as 
in a nuclear energy source, or electrochemically as by use of 
a solar converter that supplies electrical energy in sufficient 
excess over the normal requirements of a space vehicle. 


The Fuel Cell and the Carnot Cycle 


The following should be almost self-evident: If heat is 
converted into work in a cyclic system, the Carnot cycle 
limitation applies (17). Integration of a fuel cell into such a 
system will not suspend the Second Law of Thermodynamics 
even though the fuel cell as an isolated device escapes the 
Carnot cycle restriction. 

The system in question might consist of a nuclear reactor 
in which water is dissociated thermally, joined by a heat ex- 
changer to a fuel cell in which hydrogen and oxygen are re- 
combined at a lower temperature. For purposes of illustra- 
tion, it is convenient to decompose the water in the nuclear 
reactor by reversible electrolysis. The reader interested in 
details of the thermodynamics will wish to consult the litera- 
ture (17,18). 

The hydrogen oxygen water system is a candidate for re- 
generative operation. In such operation, the necessary 
separations of these three substances from each other are 
obviously going to be difficult, especially in the absence of 
gravity. Electrolysis is an excellent method of separation, 
but electrolysis at nuclear reactor temperatures would pose 
serious problems. Also, there is need for mass transport 
between nuclear reactor and fuel cell. The fuel cell must 
overcome these handicaps if it is to compete successfully 
with thermionic converter or thermoelectric generator for 
coupling to a nuclear reactor in a satellite. 

The comments just made apply with appropriate modi- 
fication to the regenerative metal hydride systems (19,20). 
There is, however, no wish to depreciate the interesting work 
done on these systems, which has already yielded gratifying 
current densities albeit at low voltages; 67, 123 and 330 amp/ 
ft? at 0.17 v with different electrodes at 520 °C are illustrative 
data (19). 


Electrochemical Energy Storage 


The metal hydride system just referred to does not, by the 
present definition, contain a fuel cell; lithium is scarcely a 
conventional fuel. In a regenerative system, the matter 
is only of academic importance because the substances that 
generate electricity are regenerated after they have done so. 
They are thus analogous to a working fluid. 

The hydrogen-oxygen-water system was actually operated 
regeneratively by Grove (7), though not for the purpose of 
energy storage. The regenerative cycle consists of 
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Electrolytic charge: H,O(2) = I1.(g) + 1/2 O.(g) emf, F. 
Fuel cell discharge: H2(g) + 1/2 O.(g) = H.O(J) emf, Ea 


The percentage efficiency of the cycle is 100 Z./E, if no side 
reactions occur. 

Bacon (21), Justi (22), and their co-workers have used gas 
diffusion electrodes to carry out the cycle. Justi et al. (22) 
quote efficiencies near 60% at a current density near 100 
amp/ft? at 85 °C with an alkaline electrolyte; this is good 
performance. 

From earlier discussion, it is clear that a cell modeled after 
Fig. 1 might be simpler for regenerative operation in space 
than the cells just mentioned. One might hope to design 
a single cell for both the electrolysis and fuel cell functions 
which can operate sealed off without requiring external aids 
to accomplish separation or mass transport. Work in this 
laboratory by L. W. Niedrach and S. Gilman, and in the 
Genera] Electric Missile and Space Vehicle Dept. (23) en- 
courages the belief that this hope can be realized. 

Fig. 2 shows a current-voltage curve for the regenerative 
oy eration of an ion exchange membrane cell. One sees im- 
mediately that the efficiency (about 40% near 20 amp/ft?) is 
not as good as that of the Justi cell; of course, the membrane 
cell is simpler and it operates at room temperature. On the 
basis of information available today, it is premature to go into 
detailed discussions or into fuel battery design. 

It is well known that ion exchange membranes retain their 
conductivity better (4,24,25) if a supporting aqueous elec- 
trolyte is present. It is also well known that it is difficult 
to avoid polarization at oxygen electrodes. Juda, Tirrell, 
and Lurie (25) propose an electrochemical system advan- 
tageous from both these points of view. The electrolyte 
consists of an ion exchange membrane in contact with a 
bromine-hydrobromic acid solution, and the reactions during 
regenerative operation are 


Electrolytic charge: 2H*+ + 2Br- = H; + Bre 
Discharge: H, + Br. = 2H* + 2Br- 


The polarization curve for this hydrogen-bromine battery, 
which is not a fuel cell by our definition, is shown in Fig. 2. 
The linearity of the curve is noteworthy and points to 7R drop 
as the principal loss present during operation. The efficiency 
is consequently high at low current densities, and it would be 
higher for thinner membranes. This battery seems inter- 
esting for regenerative operation, especially if it operates 
satisfactorily sealed off, without auxiliaries, and remains 
invariant. 

In consideration of electrochemical energy storage in 
space vehicles, improved secondary batteries (26) must 
never be overlooked. They are in use today, and they will 
probably be better in the future. They are not likely to 
become as nearly immune as fuel cells to damage from over- 
charging or deep discharging, and they may always have 
difficulty in meeting the reliability requirements for satellite 
power sources that must operate for years, not months. This 
situation presents the fuel cell with its best opportunity for 
early spectacular 


Conclusion 
The outlook for the fuel cell in space seems to be this: 
If the severe reactivity and invariance requirements can be 
met even moderately well, the device should prove useful on 
missions too long for primary batteries. It should also 
prove an attractive alternative to secondary batteries on 
extremely long missions in which the fuel can be regenerated 
by using another form of energy, preferably that of the sun. 
Intensive research on all kinds of fuel cells can therefore be 
justified also on the basis of space age needs (27). 
It seems unnecessary to add that this résumé of the fuel 
cell in space was made primarily from the point of view of 
research and does not pretend to treat the many important 
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Fig. 2 Polarization curves for regenerative fuel cell systems 


engineering problems involved. Among these are the calcu- 
lation of “trade off’? curves, the need for voltage regulation, 
the details of heat rejection, and problems arising from the 
different requirements posed by different missions (28). Also, 
the principal comparison has been of fuel cells with ordinary 
batteries, which is justifiable because the devices are similar 
and because the batteries currently occupy an important 
position. A comprehensive look at the future, which com- 
pares numerous power sources not yet fully developed, is 
given by Klass (29). 
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N A PREVIOUS paper (1)* it was suggested that internally 

instrumented animals could serve as compact, self-con- 
tained biophysical test packages to sample comprehensively 
the biological effects of space environments. The paper 
also described a first attempt at internally instrumenting a 
dog with a small VHF transmitter to telemeter his electro- 
cardiogram a short distance. 

To explore further the potential advantages of this system 
in high stress situations, a program was initiated under the 
direction and sponsorship of the Bio-Astronautics Projects 
Office, Air Force Ballistic Missile Div., USAF. The purpose 
was to demonstrate feasibility of transmitting a single 
physiological parameter through the intact skin of an in- 
ternally instrumented simian under combined environmental 
conditions. 

To accomplish the work, a team was formed consisting of 
North American Aviation, Inc., Spacelabs, Inc., and Wyle 
Laboratories. In this effort, North American Aviation, in 
addition to serving as prime contractor and project manager, 
provided the life support system, Spacelabs provided the 
system of surgically implanted transmitters plus receiving 
and decoding equipment, and Wyle Laboratories the facilities 
and personnel for performing omni-environmental testing. 


Description of the Transmitter, Receiver, and 
Decoder 


The original dog implant was made using a straight fre- 
quency modulated transmitter operating just below the 
FM broadcast band. The oscillator was modulated by a 
capacitively coupled single transistor amplifier which had its 
input connected to sutures acting as ECG electrodes. The 
ECG was selected merely as a matter of convenience. A 
miniature nickel-eadmium battery contained within the 
package was recharged by an external 1.8 mc RF generator 
which coupled into a tuned circuit within the implanted 
instrument. 

Several problems led us to redirect our efforts toward 
other modulation methods. These were primarily detuning 
of the FM carrier caused by movement of the transmitter 
with respect to body tissue and organs, and the inherent 
power inefficiency of frequency modulation. Additional 
problems encountered were tissue heating caused by the 1.8 
me recharging power, and battery unreliability caused by 
using cells in series and allowing them to discharge com- 
pletely. 

To overcome these problems, a pulse rate modulated trans- 
mitter was developed which switches on the RF oscillator 
briefly at a rate which is proportional to the amplitude of the 
inputsignal. This approach rendered the information content 
independent of carrier frequency, and reduced current drain 
by 70% so that operating time after charging could be in- 
creased to approximately 12 hr from the previous 4 hr. 
The new design utilized was tailored to a single Ni-Cd cell 
to increase battery reliability. Fig. 1 shows the unit before 
potting. 

To minimize costs in the program, a surplus APR-I 
AM receiver wasused. The audio output was put on a speaker 
so that the R wave of the ECG was audible. The video 
output of the receiver was connected by coaxial cable to a 
simple decoder. The latter unit amplified the signal and 
differentiated it. The differentiated signal was used to 
trigger a multivibrator which was direct coupled to a cathode 
follower stage with low pass filters at the output. The filter 
output was used to drive a direct writing oscillograph. 


Animal Support System 


The simian couch and restraint system (Fig. 2) were designed 


8 Numbers in parentheses indicate References at end of paper. 
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to provide adequate support and protection for a six to eight 
pound Rhesus monkey. The couch shell was fabricated 
with fibreglass formed over the posterior half of a plaster 
monkey dummy. The receiving antenna consisted of a 
longitudinal aluminum foil strip in the couch. Polyurethane 
foam was formed within the couch shell to a thickness of 
1/,in. and then covered with !/s in. thick sponge rubber. 

The restraint system was made from nylon net (Notting- 
ham weave). A single oval cutout was made in the facial 
area and lined with padded chamois. 

Surgeries were performed on two Balcones laboratory strain 
Rhesus monkeys (No. 150F and No. 122E) to implant trans- 
mitters and ECG electrodes. The operative procedure 
used was as follows: 

After satisfactory anesthesia with intravenous pentobarbi- 
tal, using the saphenous vein, the simian 150F was placed 
in the supine position. The abdomen was prepped first by 
shaving the hair and then by cleaning with alcohol, followed 
by tincture of iodine. The abdominal incision was midline 
from just below the ziphoid to below the umbilicus. The 
linea alba was identified and the midline incision was carried 
down through this structure. The peritoneum was opened 
in the direction of the incision. The intestinal contents, 
including the colon and small intestine were retracted to 
the right with wet sponges. The left kidney was identified 


Surgical Procedures 
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Fig. 1 Pulse rate modulated transmitter 
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Fig. 2. Simian couch and restraint system 


Fig. 4 Simian 150 X-ray 


and the peritoneum covering it was divided. The kidney 
was reflected medially and the transmitter unit was placed 
in the left posterior gutter of the peritoneal cavity and the 
unit secured in place with No. 00 black silk. The kidney 
was then allowed to lay back on the unit. The electrodes 
next were fixed in place. The inferior electrode was brought 
down and anchored to the lateral portion of the crest of the 
ilium by making a small incision over the crest of the ilium 
and forcing the hook through the bony cortex and into the 
medullary cavity. The shank of the hook was then sutured 
in place. The superior electrode then was directed from the 
incision up through the subcutaneous tissue to the presternal 
region. A small incision exposed the sternum and the hook 
electrode was impaled in the substance of the sternum. 
The shank was then sutured in place. The skin incision 


was closed with No. 000 black silk. The peritoneal cavity 
~was closed with running No. 000 chromic catgut and the 


_skin was closed with interrupted sutures of No. 000 black silk. 

Surgery on simian 122E (Fig. 3) was identical to that on 
simian 150F with the exception of the superior or sensing 
electrode and its placement within the simian. This elec- 
trode was a screen mesh type measuring 2 X 2cm. It was 
fixed to the abdominal side of the left diaphragm over the 
pericardial reflexion with No. 000 black silk. 

Post operative convalescence was completely uneventful. 
Fig. 4 shows an X ray taken of subject 150F immediately 
following surgery, and Fig. 5 is taken of subject 122E. 


Environmental Testing 7 


The environmental testing was divided into three major 
categories: bench mark testing of the transmitter, testing 
of the life support system with a dummy load, and simian 
testing under single and combined environments. 

The Wyle centrifuge was fitted with a shaker capable of 
generating both sinusoidal and random vibration and acoustic 
transducers for noise generation. A capsule support frame 
was installed at the end of the centrifuge (Fig. 6). The 
capsule was a round nosed cone of fibreglass and other plastic 
split longitudinally and mounted by quick lock screws and 
toggle fasteners (Fig. 7). The shaker was mounted on the 
centrifuge arm such that the specimen could be vibrated 
within a second support frame which held the acoustic 
transducers, a motion picture camera, and photographic 
lights. A vibration and holding fixture was mounted to the 
exciter for attachment of the specimen. 

Bench mark testing of the transmitter consisted of radio 
interference testing, acoustic noise, random vibration, sus- 


Fig. 6 Capsule and support frame 
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Fig. 7 Centrifuge with capsule installed 


tained acceleration, and combined environment. ‘The ob- 
jective of the tests was to determine the performance of the 
transmitter under single and combined environments more 
severe than those specified for the simian tests which were to 
follow. A further objective was to provide reference data 
for operation of the transmitter by itself so that comparisons 
could later be made of the implanted unit. The tests were 
satisfactory except for the random vibration test during 
which the output from the system was intermittently ab- 
normal. In a later retest, the condition could not be re- 
peated and it was concluded that low battery voltage at the 
time of the first test contributed to the problem. 

Dummy load testing of the couch and capsule was per- 
formed primarily to demonstrate structural integrity of the 
configuration and to check out the camera system. A 
secondary objective was to determine temperature control 
needed to protect the simian from photo-flood lamps and 
ambient air temperature fluctuations. Sustained accelera- 
tion, random vibration, sinusoidal vibration, and combined 
environmental] tests were run to validate the system. The 
tests revealed that the temperature rise in the capsule was 
excessive. Improvements were made in cooling air provisions 
and in camera light sequencing to climinate this condition. 
There were no structural problems. 

Simian tests were scheduled over a period of 11 days to 
provide a certain amount of conditioning and to allow the 
animal to rest at least every other day. 
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Fig. 10 Animal installed on fixture 


Monkey 122E was selected as a test subject. To afford a 
comparative measure, an external ECG was taken. External 
respiration signals were also presented to provide viability 
indication to assure animal safety. 

The tests were performed as follows: 

Test day 1 Radio interference 

Test day 2 Acoustic noise (107 db and 110 db: 
ref. 0.0002 dynes/cm?, 6 min each) 
Acceleration (6 g peak and 12 g 
peak, 6 min each) 

Random vibration (15-2000 eps; 
power spectral density 0.05 g?/cps, 
6 min) 

Low frequency vibration (5-12 

cps /, in. double amplitude, 3 min; 
12-400 eps, 2 g, 3 min) 

Low frequency vibration (5-12 cps 
1/,in. double amplitude, 3 min; 12- 
400 cps, 4 g, 3 min 
Combined environment 
Test 1 

Acceleration 

Acoustic noise 

Random vibration 
Sinusoidal vibration 


8-5-60 
8-8-60 


Test day 3 8-10-60 


Test day 4 8-12-60 


Test day 5 8-15-60 


12 g’s peak 

123 db 

0.05 g?/eps 

5-12 eps 3/4 in. 
double amplitude 
12-400 eps, 2 g 


6 min 
Test 2 i 
Acceleration 12 g’s peak 
Acoustic noise 126 db 
Random vibration 0.05 g?/cps 


5-12 eps 3/2 in. 
double amplitude 
12-400 eps, 4 g 

6 min 


Sinusoidal vibration 


Fig. 8 indicates the manner in which the combined environ- 
ments were applied, and Fig. 9 the test set up. 

Prior to each day’s testing and at the conclusion of each 
test, the animal was given a physical examination and found 
to be in excellent condition and suffering no ill effects from 
the exposure with the implanted instrument. Furthermore, 
long term tolerance to the implanted unit is excellent. The 
transmitters have been implanted about four months with 
no evidence of discomfort or pathology. 

Fig. 10 shows the animal mounted on the fixture and 
Fig. 11 is a record taken during the second combined environ- 
ment run at an acceleration of 6.5 g. While the transmitted 
cardiogram is clearly not of clinical quality, it does validate 
the basic premise that internally instrumented animals have 
great potential for bio-astronautic research. It should be 


noted that the external instrumentation was extremely 
poor under adverse environments in our experiments, despite 


the most rigid observance of electrode placement techniques. — 
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Fig. 11 Comparison between transmitted and external cardio- 


grams 
Conclusions 


The purpose of the program was to demonstrate the feasi- 
bility of transmitting physiological data through the intact 
skin of chronically instrumented simians under combined 
environmental conditions. The main ideas were validated, 
ie., that animals can tolerate implanted instruments in 
severe environments, and that useable data can be trans- 
mitted under these conditions. Obvious refinements that 
need further attention are the method of surgical attachment 
of the transmitter, reduction of self-generated electrical 
noise in the low level sections of the transmitter, and redesign 
of the recharging system to simplify the procedure. In 
addition, the decoder should be redesigned to prevent it 
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from responding to noise spikes, and to force it to “recognize” 
only pulses which are characteristic of the biological trans- 
mitter system. Shown on Fig. 12 are transmitted cardio- 
grams taken during radio interference testing which show 
the effects of noise. To minimize radio interference, elec- 
trical shielding of the entire animal must also be studied to 
compare the relative benefits with the alternative of further 
complications in transmitter and receiver-decoder. The 
whole area of electrode configuration and location needs 
further work. The program pointed out the difficulty with 
large screen electrodes located on moving muscle tissue. 
Respiration artifact was clearly evident on Monkey 122E, 
whereas Monkey 150F, equipped with two point electrodes, 
did not exhibit this problem. Some changes were also indi- 
cated in the animal support system to simplify animal handling 
and to save time. ‘i 


Expansion of the Concept 


While this purpose of the initial program was strikingly 
achieved, additional development is required to bring the 
concept into line with practical requirements. Furthermore, 
it appears evident that the greatest gains from internal ani- 
mal instrumentation obtain in situations where measure- 
ments can be taken of physiological parameters that would 
otherwise be unmeasurable. A good example is that of 
cardiac output which is of interest to physiologists in prolonged 
weightlessness experiments. Using the techniques discussed 
herein, one can conceive of a flowmeter sectioned into the 
aorta which would modulate the transmitter. Another 
example might be the measurement of ureteral flow as an 
indication of kidney function. 

Another obvious extension is the transmission of multiple 
physiological parameters in multiple stress environments. 
Under contract as the second phase of the previously described 


Reactor Heat 


N THE open literature on the design of solid core nuclear 
reactors for propulsion, the importance of heat transfer 
due to the extreme power densities and temperatures has been 
elucidated (1,2,3).2. While not aimed at a broad systems 
analysis that is needed for overall optimization, this paper isan 
attempt to make a detailed analysis of how core size and power 
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shown to lead to better performance. 


emoval Limitations 
of Nuclear Rockets 


program is work to design, implant, ground test, and flight 
test a three channel FM/FM telemetry system. This pro- 
gram again makes use of small Rhesus monkeys and measure- 
ments tentatively selected are the electrocardiogram, the 
phonocardiogram, and respiration. Cyclic data of both low 
and high frequencies have been selectéd not only for their 
physiological interest, but also because they will exercise 
the telemetry system more fully than, say, a body tempera- 
ture channel. The system will again be short range, with 
signals being picked up in a couch antenna. While the 
composite FM signal could be directly relayed to ground, an 
alternate approach was chosen to facilitate testing and to 
make the system self sufficient. A small FM receiver and 
three channel discriminator will be contained within the 
life support system complete with its own battery supply. 
Signals will, therefore, be processed to the proper voltage 
levels for retransmission via the missile air to ground telem- 
etry system. Capsule pressure and temperature will also 
be telemetered. 

A unique feature of the life support system is a gimbled 
couch to provide proper orientation for re-entry, since it is 
not planned to reorient the vehicle as is done in the Mercury 
program. 

The culmination of this second phase program is a rocket 
flight test scheduled for next year. The data obtained should 
provide a sound basis for extrapolation of the concept to 
larger animals and more sophisticated measurements, and 
contribute significantly to the technology of manned space 
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Moderately detailed analyses of convective heat transfer in the core of a typical nuclear rocket 
engine were performed in order to determine the effects of major design parameters. 
of the permissible power density is given. 
cussed with respect to nuclear rocket application. 
ferent axial power density profiles, it is shown that a constant wall temperature operation is ad- 
vantageous if the only limitation is allowable wall temperature. 
restriction is imposed of allowable power density, then a combination of power density profiles is 
The study also indicates that nuclear rockets are capable of 
throttling operation and can trade off in performance between specific impulse and thrust. 


An estimate 
Practical limitations imposed by design factors are dis- 
In a comparison of relative efficiencies of dif- 


On the other hand, if an additional 


are limited by heat removal problems at steady state condi- 
tions. 

Using a simplified model of a “typical” reactor engine, heat 
transfer equations will be discussed to show how the variables 
affect engine size and performance. Comparisons will be 
made of cases which differ in axial power density profile; in 
addition, the range of power variation will be examined. 
The calculations suggest that, for reasons of high power 
density when power output is restricted by a limiting wall 
temperature, an isothermal] reactor core is preferable. How- 
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1. Thecoreisa graphite based solid. 
2 > The right circular cylindrical core has length equal to 
0 its diameter, except where separately treated. 
Coolant is gaseous hydrogen. 
4 Coolant channels are constant diameter holes parallel 
+ to the cylinder axis. 
5 Holes are uniformly distributed with centers located at 
corners of equilateral triangles. 
6 There is steady state case of heat transfer. — 
There is one dimensional heat transfer in the solid. 
8 Coolant flow is turbulent. Ac 
9 Heat generation rate in solid is uniform at a given 
bee x plane, but may vary in the axial direction. 


ever, if thermal stress and strain is such as to result in an- 
other restriction, called the limiting heat flux due to rupture 
or distortion, then the power density should be modified in 
the front portion of the reactor so that it tends more 


toward a uniform heat generation rate. 


Basic Assumptions and Equations 


General 


The following model and assumptions are bation ed ‘to be 
reasonable as regards a possible nuclear reactor for rocket 
motors. One of the reasons for specifying the main assump- 
tions is the difficulty in trying to include all pertinent data 
in a single equation or graph. 


10 Gas flow rate is the same for each channel. 


As an approximation, this model should be adequate to indi- 
cate the behavior of a typical reactor core under steady state 
operation. For example, nucleonic efficiency and weight 
savings usually suggest a core with diameter equal to its 
iength. Furthermore, a good side reflector very likely will 
be included, in which case substantial radial flux flattening 
may be expected. For high specific impulse, hydrogen is the 
propellant choice. Because regenerative cooling and a pres- 
sure above its critical point are anticipated, the coolant in the 
core channels should behave like a gas. At the design point, 
turbulent flow prevails, while the assumption of one dimen- 
sional conduction (radially) for each channel appears rea- 
sonable. The choice of the hole locations was due to con- 
venience in calculation using void fraction as a parameter. 


Convective Heat Transfer 


References (4) and (5) discuss the finer points of convective 
heat transfer. The approach taken next is believed to be 
reasonable. Because of extreme variations in conditions 
along the flow channel, the usual analysis based on average 
core conditions may be inadequate, hence, a correlation for 
the local heat transfer coefficient will be applied. In this 
manner, the heat transfer surface area or channel length re- 
quired and axial profiles of temperatures and heat flux may be 
found. 

For gas in turbulent flow, the correlation for local convec- 
tion heat transfer coefficient, as experimentally determined 
by (6), may be written as : 

0.036 (98 ky Prj-4 (9-8 


4,08 TS [1] 


As a conservative gesture to account for hot channel factors, 
the value of the constant was changed from 0.036 to 0.034. 
The correlation of Taylor and Kirchgessner (7) may be 
simpler but was not used here. To obviate the need for pres- 
sure drop information required to find the static temperature 
tin Eq. 1, an approximation is suggested of substituting Taw 
or T in place of tin Eq. 1. This simplification may be justi- 
fied on the grounds that design values of exit Mach num- 
ber substantially below one are expected, and that the added 
error is small compared to variance in the correlation itself. 
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Expanding upon the first item, we note that Bussard and 
DeLauer (2) state that sonic choke conditions should be 
avoided in multi-channel cores because of flow instability 
among the passages. 

Additional problems anticipated for sonic flow are erosion 
and shock waves. To assure subsonic flow at the channel 
exit, a design exit Mach number of 0.5 appears to be reason- 
able, according to F. P. Durham (3), in view of the rapidly 
increasing Mach number in a short distance after that value. 
If My = 0.5, then for hydrogen the total temperature and 

static temperature differ at most - about 4% 


The difference between ‘adiabatic wall” temperature and 
static temperature is somewhat less than this. Therefore, 
a common temperature approximating 7'4w and denoted by 
T, will be used in the basic heat transfer equations, which 
then become 


(q/S)z = hi(Tw — 3] 


cual, = (q/S)2dx 


4 
Hr," dG (q/S)ave x 


[5b] 


If one combines Eqs. 3 and 4, a relationship is obtained as 
follows 


(@/S) (x + 
Go.8 


C (To — 
0.8 (TL; 4 T,)°-8 


[6a ] 
My 


(T,, [6b] 


The equation is useful when the wall temperature is plotted 
as function of gas temperature and ®. 

In examining the foregoing equations, one sees that, for 
a given hole size and gas flow rate, the temperature difference 
between gas and wall depends on the local heat flux, indicating 
that the axial heat flux profile plays an important role where 
wall or solid temperature is limiting, as discuss — more fully 
in subsequent sections. 


Axial Power Density 


Some possible profiles of axial heat flux distribution will 
be discussed now, since this information is found to be useful 
as explained in a later section. In an unreflected, uniformly 
loaded cylindrical nuclear reactor, the fission density pro- 
portional to the neutron flux has a sine curve shape along the 
axis, but the profile may be modified by adding reflectors, 
varying fuel loading, etc. (3), to produce a more desirable 
power density. A few of these profiles may be represented as 
follows. 


Uniform heat generation rate 


In this case g/S is constant along the channel length; ob- 
viously, its ratio of average to peak heat flux is unity. From 
the thermodynamic properties of the gas and Eq. 5b, the gas 
temperature profile is readily found, while Eq. 6 may be used 
to determine the wall temperature as a function of distance x. 


End reflected core 


Besides side reflection, the cold end may also be reflected to 
decrease core size still further. With uniform loading, the 
resultant heat flux profile may be represented approximately 


ARS JourNAL 


[5a] 
> 
; 
> 
| 
1 


TEMPERATURE, 10° °R 


fe) ols 8 1.0 
X/L RATIO 
Axial temperature profiles for cold end reflected nuclear 


core 


by a modified sine curve as defined below 


(q/8)z = (q/S) maz [sin (1 — sin | [7] 


Fig. 1 


4 


From 


0 < x/L < 1/2m io 
vy 
12m <2/L<S1 


= (4/8) mux sin 


For this case, the average heat flux may be expressed as 


m 


Inserting values of B and m respectively equal to 0.5 and 3, 
the heat flux and temperature profiles are illustrated in Figs. 
1 and 2. Note how the wall temperature at the inlet is 
raised. This is a consequence of the properties of hydrogen 
at low inlet temperatures and of the relatively high heat flux 
at the entrance region which are related in the manner of 
Eq. 6a. Indeed, this pronounced tendency to a high wall 
temperature at the inlet area can set a limit, as will be illus- 
trated later. In this respect, an unreflected core end with 
a simple sine-shape, axial power density will not be thus 
restricted, whereas there may be a limit to the amount of 
front end reflector one can add practically. Other schemes 
for altering the axial power density, such as by fuel loading 
variation, need to take into consideration this entrance 


To facilitate analysis in the case of constant wall tempera- 
ture, further simplifications can be made with the aid of the 


Constant wall temperature case 
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Fig. 2 Ratio of local to average heat flux for end reflected and 
for constant wall temperature cases 
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Fig. 3 Design point values of channel length for constant wall 
temperature of 5000 °R 
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following relationships 


= 
ky Pry * 
8 Pr, 6 
Cp Coz 


for hydrogen in the range of interest. These may be com- 
bined together with Eqs. 5a and 6a to obtain 


(To + Tr) 


0.042 ro dx 
0 (T, — T,)T,°* 


Finally, let 

2 

B=T,/T. 
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Then for the case of constant T,, ay an 


[10] 


~ 79.193 (1 — B) 


L 

By graphical integration one may find the temperature 
profile as a function of the ratio z/L for a fixed hole diam- 
eter, gas flow rate and wall temperature. Now, if the right- 
hand side of the equation is fixed, the required length is found 
to be proportional to d'-2? and G2 in the manner of Fig. 
3, which also shows the estimated minimum void fraction 
as set by thermal stress which was determined, as described 
under the next section, Allowable Heat Flux. The utility 
of Eq. 10 lies in the quantitative relationship of the variables 
when the value of the integral is determined. 

Similarly, an equation for heat flux along the axis may be 
shown to be 


= 9.005 — B) 


(x + d)%-1 (1 + 


In Fig. 2, where local to average heat flux curves are pre- 
sented, the maximum heat flux for the constant wall tempera- 
ture case is seen to peak to the left of center and to exhibit 
a large departure from the average heat flux. 


(11) 


Constant centerline temperature case 


In this case, the overall heat transfer coefficient U, which 
takes into account the solid conductivity as well as the co- 
efficient h, is applicable in the usual heat transfer equation. 
The heat flux profile is shaped somewhat like that of the con- 


stant wall temperature case. 
_ 


Allowable Heat Flux 7 


In a nuclear rocket engine of the type under discussion, a 
design limit to the rate of heat transfer is set when adverse 
effects become significant. Thus, the power generation may 
“al 
4 


a. Elastic Theory of Thermal Stress 
b. JPL-122 Data Converted to Tubes 
cooled on inside o 


n 


Mw/CU.FT. 


DENSITY, 


0.2 0.5 


VOID FRACTION 
Fig. 4 Solid power density variation with void fraction for 
various hole diameters of coolant passage 
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_ be fixed by: 


_of operating time entering into the picture. 


ac- 


1 Wall temperature above which excessive chemical 
tions take place between the solid and the gas coolant. 

2 Solid centerline temperature in the region where me- 
chanical strength is unsatisfactory or where undesirable phase 
change occurs. 

3 Excessive dimensional change, plastic deformation or 
rupture due to thermal stress or strain. 

4 Some unforeseen effect of nuclear heating such as gas 
formation or fission fragment damage. 

Evaluation of the first point is made difficult by scarcity 
of unclassified data on corrosion of carbon by hydrogen at 
high wall temperatures. There appear references which 
mention overcoming the chemical attack by coating the wall 
or with additives to the gas (3). Rom (9) suggests the use 
of W "84, which is believed to be compatible with hydrogen at 
very high temperatures. 

Equations pertaining to wall and centerline temperatures 
of heat generating solids and thermal stress equations for 
elastic bodies are given in (2) and (8). 

Available data would indicate that other limitations 
occur before the fourth item need to be considered, never- 
theless it is a possibility. 

With respect to thermal stress and strain, applicable data 
are not abundant in the open literature. It would be prefer- 
able, of course, to utilize data obtained from a nuclearly 
heated specimen, but in the absence of such appropriate high 
temperature high heat flux information in the literature, test 
results of electrically heated samples have to be used. Ex- 
periments along this line have been reported in (10) and (11), 
and some Los Alamos Laboratory results, together with an 
analytical solution for externally cooled tubes are given by 
Kammash (12), who took into account the plastic domain. 
Some heat transfer correlation papers contain data which 
indicate high values of heat flux, for example, (6). 

However, interpretation of these results is made difficult by 
such matters as: lack of accurate material property data 
at high temperatures—even for the same type of sample, 
there is considerable scatter of data in the case of graphite; 
the nonuniform heating to be expected in an electrically 
heated specimen because of the variation in electrical and 
thermal conductivities with temperature; and the presence 
of a thermo-plastic region in graphite where transition from 
the elastic domain is not sharply defined, with the element 
Therefore, fur- 
ther theoretical and experimental investigations would be 
helpful in the determination of the allowable heat flux. 

As an approximation suggestive of the role of variables, 
the elastic theory of thermal stress was used to convert the 
flat plate data of (11) to the case of internally cooled, heat 
generating tubes. A design stress was chosen and the physi- 
cal properties and dimensions were evaluated at some tem- 
perature, so that the allowable solid power density could be 
related to the void fraction and hole diameter, as graphically 
represented in Fig. 4. The problem remains, however, of 
determining the magnitude of allowable heat flux more ac- 
curately than by this method, for when this method is applied 
to the externally cooled tubes of Kammash’s paper, the 
Los Alamos experimental data were several times larger than 
those obtained by the elastic theory method and data of (12). 


Material Properties 


Besides data found in references already mentioned, 
hydrogen and graphite properties given in (13 through 20) 
were picked for use in the work of this report. Considerable 
differences among reported values were noted, especially for 

raphite. 
Core Size Parameters 

The objective of rocket engine design may be stated as 

obtaining the highest specific impulse and thrust with the 
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minimum engine weight; however, as pointed out in (4), 
a compromise must be made between high thrust coefficient 
and high specific impulse. This will depend on specific mis- 
sion analysis which is not in the scope of this work. Instead, 
we will concern ourselves with the important parameters 
relating to size and performance. 

A simple heat balance on our model will show that the 
reactor core size is given by ye 


dP 


1/3 
== | 


where P is total power which is convective ly removed by 
the propellant within the core or by 


[12] 


dGH 
D. = ——— 13 
(q hive 


From the forementioned equations, it is readily seen that 
a decrease in core diameter may be effected by going to a 
smaller hole size. Earlier in the discussion, the allowable heat 
generation rate was estimated to be related to hole diameter 
and void fraction in the manner shown in Fig. 4. For a 
given hole diameter, the permissible average heat flux will 
also increase with void fraction. 

A visual representation of Eq. 12 is given by Fig. 5 for the 
case of an end reflected reactor core at P = 1000 Mw. Rather 
than the average heat flux, the parameter in the graph uses 
the maximum heat flux (¢/S)max. Also included in the graph 
is a line symbolizing the trend of nucleonic size with void 
fraction for a given fuel loading. Some compromise solution 
between nucleonic and heat transfer requirements is thereby 
indicated. 

The power to core weight ratio can also be derived 


P/W, = [14a] 
(1 e)d Ps 
—>-- 
where p, denotes cOre solid density or, simply 
P/W, = [14b] 
Ds 


When the core solid density is known through choice of a 
suitable core material, Eq. 14b can be used, together 
with the estimated allowable power density curves of Fig. 4, 
to obtain probable power to core weight values. 

One of the items of interest in rocketry, specific thrust based 
on core weight, may be expressed as follows 


W. 
eG H®® 
6 


One can also divide through by the inlet pressure p, to get 


{15a ] 


[15b] 


Influence of Axial Power Density Profile 


When the limiting factor is the channel wall temperature 


alone, it will be demonstrated that the constant wall tempera- 
ture design point operation results in the highest efficiency of 
attaining the specific impulse associated with the wall tem- 
perature. On the other hand, if there is a limit on local heat 
flux due to thermal stress in one section of the core, while 
the downstream channel section is restricted by a maximum 
wall temperature condition, the greater overall power density 
will be obtained when uniform heat flux heating i is applied 
to the forepart and constant wall temperature is kept at the 
aft section. 
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Fig. 5 Reactor size vs. void fraction based on heat transfer 
requirements for end reflected reactor core 
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Fig.6 Heating ‘‘efficiencies’’ for uniform heat flux case 


Following the relation expressed by Eq. 10, the approach 
of the gas temperature to the maximum wall temperature 
may be compared on the basis of the group L°-°/d!!G°-?,__ The 
same expression can be derived for the uniform heat genera- 
tion case, and bears out the simplified approach of Stenning 
(4), with the exception to be noted. His representation will be 
<3) 
(The analogy between his expression 
and this is seen to lie in the fact that the friction factor f 
is inversely proportional to G®-?.) 

To illustrate the influence of system variables, Fig. 6 is 
presented for the uniform heat generation case. Since the 
basic model ignores axial conduction and end heat losses, the 
analysis indicates that inlet gas temperature can restrict the 
heat removal of a typical nuclear rocket engine. For a given 
constant exit gas temperature and low gas mass flow rate, 
one may start from the right side of the graph and proceed 
to the left as the reactor power (and hence gas flow rate) is 
increased for a given core, until the condition is reached when 
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Fig. 7 Relative ‘‘efficiencies”’ of various axial heat flux profiles 
for 4000 °R hydrogen gas 
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Fig. 8 Further comparison among modes of heating to show 
effects of channel length and gas flow rate 


the entrance wall temperature becomes the limiting one, 
after which the temperature ratio of the ordinate drops 
steeply. This is the noted difference between the simplified 
approach of (4) and the present detailed one. This restric- 
tion occurs earlier the colder the inlet gas temperature. 
Hence, it pays to warm up the coolant before it enters the 
core. 

The variation with exit gas temperature is seen to be small. 
In Fig. 7 the axial heat flux profile may be observed to have 
a strong influence on the attainment of the maximum possible 
gas temperature or specific impulse as limited by the maximum 
wall temperature. It will be remarked that the relative 
position of the constant wall temperature case depends on the 
design point chosen, and deviation from the design point 
implies that the wall temperature is no longer constant. 
Nevertheless, the order of “efficiency” is interesting to ob- 
serve in the graph: A, B, C. 

Although not shown in Fig. 7, the case where the front end 
is reflected (in addition to the sides) lies intermediate in posi- 
tion between the plain sine profile and the design point con- 
stant wall temperature case. 

Still referring to the same graph, we note again the marked 
influence of the limiting inlet wall temperature on the cases 
of Curves A, A’ and C. Curve B, of course, is not similarly 
affected because the heat flux starts from zero at the entrance. 

If the same information is plotted as shown in Fig. 8, the 
influence of channel length is made more apparent. Values 
of the maximum heat fluxes were also indicated on each 
curve. Provided that the maximum allowable heat flux is 
not exceeded, heat transfer and weight considerations indicate 
the desirability of having L/D greater than one. There is a 
favorable trade-off in gas mass flow rate increase by going to a 
longer channel length, resulting in greater thrust to weight 
ratio, as found by Eq. 15b. On the other hand, counter- 
balancing such a move are the limiting allowable heat flux 
and the increased pressure drop for the longer channel. 

The desirability of small channel diameter is also evident 
from the parameter used as abscissa in Figs. 6 and 7. 

Another useful function of plots just mentioned is that end 
conditions may be inferred from them for off design operation. 
For example, if the same inlet and exit gas temperatures are 
to be maintained while core power and gas mass flow rate are 
varied proportionately, the maximum wall temperature may 
be found from the ordinate parameter. 

Now, considering the case mentioned at the beginning of 
this section where a given core may be faced with both heat 
flux and wall temperature limitations, it may be shown under 
certain practical conditions that a higher average power den- 
sity is achieved by combining the uniform heat generation 


10° Btu Heating 
hr-ft? Void T/T w profile* 
5000 2.6 0.95 A 
5000 2.6 0.95 B 
5000 0.95 A 
5000 1. LO " 0.95 B 
3400 1 0.95 A 
3400 03 0.95 anita A 
3400 0.3 0.95 B 


heating only. iP 


> Temperature of gas at end of uniform heat flux section. 7 


Table 1 Core thrust to weight ratio comparisons between heating schemes c 


* Scheme A: Uniform heat flux followed by constant wall temperature nae Scheme B: Constant wall temperature 


G, 

105 Ib Le 
hr-ft? ft (F/W)a/(F/W)e 
1 4100 1.75 2.66 1.7 
1 0.59 1.50 
2 4100 0.63 5.0 1.6 
2 rot 0.22 2.8 
1 2800 1.50 3.50 1. 6 7 
2500 0.86 2.35 
1 0.42 1.55 
1 2800 4.16 4.50 1.5 
] 2500 2.48 2.88 1.4 
1 1.19 1.95 
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scheme with the constant wall temperature axial profile. To 
be practical, the channel diameter should be small enough so 
that the increase in channel length can be tolerated, since 
nuclear considerations favor L/D ratio close to one, while core 
diameter has a practical limit too. Examples of the calcu- 
lated favorable power density increase for special cases are 
given in Table 1. Further use of Eq. 15b with the informa- 
tion in Table 1 shows that the thrust to weight ratio at 0.3 
void fraction is about eight times that as 0.1 void fraction. 

As higher temperatures and heat fluxes become permissive, 
the limiting factor will become the maximum allowable center- 
line temperature of the solid fuel elements. If this is true 
along the entire channel length, the most efficient heating 
scheme will then be that of constant solid centerline tempera- 
ture. 


Pressure Level and Friction Loss 


Thus far the influence of pressure has been avoided in the 
interest of clarity, but in forced convection heat transfer the 
fluid flow characteristics must be examined. We shall con- 
sider how the ratio of exit to inlet pressure and Mach number 
are affected by the pressure level. In the cryogenic tem- 
perature region, pressure level has significant effects on hy- 
drogen gas properties, but since the gas is heated up very 
quickly near the entrance of the flow channel, its influence has 
been regarded as second order and neglected. 

For hydrogen gas in turbulent flow through the model core, 
the pressure drop for the channel, not including entrance 
and exit losses, may be estimated by standard equations, but 
because of the large change in gas density along the flow 
channel, such equations should be used over incremental 
lengths and each incremental pressure drop summed to yield 
the overall result. An iterative solution must be performed, 
using the total temperature (calculated by the previous heat 
transfer equations), assumed Mach number and the ideal 
gas law to relate density to static temperature and pressure. 
A computer solution would be a time saver if many incre- 
ments and problems are involved. A set of solutions indi- 
‘ated that the pressure ratio p,/p, and exit Mach number 
M, were related to the initial Mach number M, in the man- 
ner of Fig. 9. As a matter of interest, for a fixed inlet tem- 
perature 7;, the initial Mach number is proportional to 
G/m; therefore, for a given gas mass flow rate, the exit 
Mach number increases if pressure is decreased, until sonic 
velocity is reached. At a given gas temperature and in tur- 
bulent flow regime if the ratio of G/p, is maintained constant, 
the exit Mach number is relatively unaffected. 

Experimental values of friction coefficient generally are 
obtained as the average over the entire length of the test 
section, and local values of f under conditions of sizable 
T/T, ratios are not readily found. 

Average friction coefficients reported in (7) and (21) sug- 
gest that the ratio 7.,/T, does affect the correlation; but for 
the present work the Colburn-Reynolds analogy was deemed 


adequate. 


te 
Other Considerations of Parameter Effects 
Besides their effects on size from the heat transfer view- 
point, the variables mentioned are related to nucleonic and 
other considerations, requiring a careful analysis before 
choosing a set of conditions. Some of the implications 
will be touched upon here. 


Void fraction 


According to Eq. 12, a large value of void fraction leads to 
small core size, where void fraction is the fraction of the core 
volume occupied by the gas channel. Other factors being 
constant, the neutronic critical size increases with void frac- 
tion in the manner illustrated by a dotted line in Fig. 5. 
Since there may be practical limits to increasing fuel loading 
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and reflector thickness to offset the effect of larger void, some 
balance must be reached between heat transfer and neu- 
tronic requirements. Furthermore, at high fuel loadings the 
control system may become more complex to cope with the 
intermediate to fast reactor. 


Although the allowable heat tends to increase with void — 
fraction, the solid web thickness may become so thin that — 


mechanical strength or fabrication difficulties become limiting. — 


Hole diameter 


While small hole size would alleviate heat removal restric- 
tions, here again the matter of fabrication difficulty may set 
the lower limit. In addition, the total number of holes 
would increase as hole size decreased and void fraction were 
kept constant. If the flow channel were constructed from 
short sections, exact alignment of the holes becomes more 
critical as hole size decreases. Pressure drop varies inversely 
with the hole size; so again a compromise is indicated. 


Temperature level 


While high exhaust gas temperature is desired for its high © 


specific impulse, it was previously mentioned that adverse 
chemical reactions, mechanical strength and thermal proper- 
ties were likely to set some upper temperature limit within 
the core. It is to be noted, too, that with the expected 
negative temperature coefficient of reactivity, additional 
reactivity for this effect must be provided. 

Heat loss from the core is also accented as temperature 
level increases, presenting a greater cooling problem. 
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Fig. 7 Relative ‘‘efficiencies”’ of various axial heat flux profiles 
for 4000 °R hydrogen gas 
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Fig. 8 Further comparison among modes of heating to show 


effects of channel length and gas flow rate 


the entrance wall temperature becomes the limiting one, 


after which the temperature ratio of the ordinate drops 
steeply. This is the noted difference between the simplified 
approach of (4) and the present detailed one. This restric- 
tion occurs earlier the colder the inlet gas temperature. 
Hence, it pays to warm up the coolant before it enters the 
core. 

The variation with exit gas temperature is seen to be small. 
In Fig. 7 the axial heat flux profile may be observed to have 
a strong influence on the attainment of the maximum possible 
gas temperature or specific impulse as limited by the maximum 
wall temperature. It will be remarked that the relative 
position of the constant wall temperature case depends on the 
design point chosen, and deviation from the design point 
implies that the wall temperature is no longer constant. 
Nevertheless, the order of “efficiency” is interesting to ob- 
serve in the graph: A, B, C. 

Although not shown in Fig. 7, the case where the front end 
is reflected (in addition to the sides) lies intermediate in posi- 
tion between the plain sine profile and the design point con- 
stant wall temperature case. 

Still referring to the same graph, we note again the marked 
influence of the limiting inlet wall temperature on the cases 
of Curves A, A’ and C. Curve B, of course, is not similarly 
affected because the heat flux starts from zero at the entrance. 

If the same information is plotted as shown in Fig. 8, the 
influence of channel length is made more apparent. Values 
of the maximum heat fluxes were also indicated on each 
curve. Provided that the maximum allowable heat flux is 
not exceeded, heat transfer and weight considerations indicate 
the desirability of having L/D greater than one. There is a 
favorable trade-off in gas mass flow rate increase by going to a 
longer channel length, resulting in greater thrust to weight 
ratio, as found by Eq. 15b. On the other hand, counter- 
balancing such a move are the limiting allowable heat flux 
and the increased pressure drop for the longer channel. 

The desirability of small channel diameter is also evident 
from the parameter used as abscissa in Figs. 6 and 7. 

Another useful function of plots just mentioned is that end 
conditions may be inferred from them for off design operation. 
For example, if the same inlet and exit gas temperatures are 
to be maintained while core power and gas mass flow rate are 
varied proportionately, the maximum wall temperature may 
be found from the ordinate parameter. 

Now, considering the case mentioned at the beginning of 
this section where a given core may be faced with both heat 
flux and wall temperature limitations, it may be shown under 
certain practical conditions that a higher average power den- 
sity is achieved by combining the uniform heat generation 


Limitations assumed 


Tw, , Btu Heating 
hr-ft? Void T2/T w profile® 
5000 2.6 0.95 A 
5000 2.6 0.95 B 
5000 1.0 0.95 A 
5000 1.0 se 0.95 B 
3400 0.1 0.95 A 
3400 0.1 0.95 A 
3400 0.1 0.95 B 
3400 0.3 0.95 A 
3400 03 0.95 A 
3400 0.3 0.95 B 


heating only. 
> Temperature of gas at end of uniform heat flux section. 


Table 1 Core thrust to weight ratio comparisons between heating schemes 


in. 


cose 


= 


2Scheme A: Uniform heat flux followed by constant wall temperature heating. 


G, 
105 Ib | 
hr-ft? ft (F/W)a/(F/W)es 
4100 1.75 2.66 1.7 
0.59 
4100 0.63 5.0 1.6 7 
2800 1.50 3.50 «1.6 
2500 0.86 2.35 1.4 
0.42 
2800 4.16 4.50 1.5 
2500 2.48 
1.19 1.95 


Scheme B: Constant wall temperature 
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scheme with the constant wall temperature axial profile. To 
be practical, the channel diameter should be small enough so 
that the increase in channel length can be tolerated, since 
nuclear considerations favor L/D ratio close to one, while core 
diameter has a practical limit too. Examples of the calcu- 
lated favorable power density increase for special cases are 
given in Table 1. Further use of Eq. 15b with the informa- 
tion in Table 1 shows that the thrust to weight ratio at 0.3 
void fraction is about eight times that as 0.1 void fraction. 

As higher temperatures and heat fluxes become permissive, 
the limiting factor will become the maximum allowable center- 
line temperature of the solid fuel elements. If this is true 
along the entire channel length, the most efficient heating 
scheme will then be that of constant solid centerline tempera- 
ture. 


Pressure Level and Friction Loss > / 


Thus far the influence of pressure has been avoided in the 
interest of clarity, but in forced convection heat transfer the 
fluid flow characteristics must be examined. We shall con- 
sider how the ratio of exit to inlet pressure and Mach number 
are affected by the pressure level. In the cryogenic tem- 
perature region, pressure level has significant effects on hy- 
drogen gas properties, but since the gas is heated up very 
quickly near the entrance of the flow channel, its influence has 
been regarded as second order and neglected. 

For hydrogen gas in turbulent flow through the model core, 
the pressure drop for the channel, not including entrance 
and exit losses, may be estimated by standard equations, but 
because of the large change in gas density along the flow 
channel, such equations should be used over incremental 
lengths and each incremental pressure drop summed to yield 
the overall result. An iterative solution must be performed, 
using the total temperature (calculated by the previous heat 
transfer equations), assumed Mach number and the ideal 
gas law to relate density to static temperature and pressure. 
A computer solution would be a time saver if many incre- 
ments and problems are involved. A set of solutions indi- 
cated that the pressure ratio p./p, and exit Mach number 
M, were related to the initial Mach number M, in the man- 
ner of Fig. 9. As a matter of interest, for a fixed inlet tem- 
perature 7;, the initial Mach number is proportional to 
G/p:; therefore, for a given gas mass flow rate, the exit 
Mach number increases if pressure is decreased, until sonic 
velocity is reached. At a given gas temperature and in tur- 
bulent flow regime if the ratio of G/p; is maintained constant, 
the exit Mach number is relatively unaffected. 

Experimental values of friction coefficient generally are 
obtained as the average over the entire length of the test 
section, and local values of f under conditions of sizable 
T../T, ratios are not readily found. 

Average friction coefficients reported in (7) and (21) sug- 
gest that the ratio T../T, does affect the correlation; but for 
the present work the Colburn-Reynolds analogy was deemed 
adequate. 


Other Considerations of Parameter Effects 


Besides their effects on size from the heat transfer view- 
point, the variables mentioned are related to nucleonic and 
other considerations, requiring a careful analysis before 
choosing a set of conditions. Some of the implications 
will be touched upon here. 


Void fraction = 


According to Eq. 12, a large value of void fraction leads to 
small core size, where void fraction is the fraction of the core 
volume occupied by the gas channel. Other factors being 
constant, the neutronic critical size increases with void frac- 
tion in the manner illustrated by a dotted line in Fig. 5. 
Since there may be practical limits to increasing fuel loading 
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a 
Fig. 9 Exit Mach numbers and ratios of exit to inlet total 
pressures as functions of inlet Mach number for various gas 
temperatures 


and reflector thickness to offset the effect of larger void, some 
balance must be reached between heat transfer and neu- 
tronic requirements. Furthermore, at high fuel loadings the 
control system may become more complex to cope with the 
intermediate to fast reactor. 

Although the allowable heat tends to increase with void 
fraction, the solid web thickness may become so thin that 
mechanical strength or fabrication difficulties become limiting. 


Hole diameter 


While small hole size would alleviate heat removal restric- 
tions, here again the matter of fabrication difficulty may set 
the lower limit. In addition, the total number of holes 
would increase as hole size decreased and void fraction were 
kept constant. If the flow channel were constructed from 
short sections, exact alignment of the holes becomes more 
critical as hole size decreases. Pressure drop varies inversely 
with the hole size; so again a compromise is indicated. 


While high exhaust gas temperature is desired for its high 
specific impulse, it was previously mentioned that adverse 
chemical reactions, mechanical strength and thermal proper- 
ties were likely to set some upper temperature limit within 
the core. It is to be noted, too, that with the expected 
negative temperature coefficient of reactivity, additional 
reactivity for this effect must be provided. 

Heat loss from the core is also accented as temperature 
level increases, presenting a greater cooling problem. 
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Under the section discussing Pressure Level and Friction 
Loss the favorable effects of high pressure level on core 
pressure drop and on gas Mach number were presented. 
On the other hand, an increase in pressure level means 
greater weight of the pressure shell around the reactor and of 
associated plumbing. Furthermore, it implies more work 
diverted for pumping purpose. 

At high altitudes where the ambient pressure is practically 
zero, the nozzle pressure ratio is determined by the chamber 
gas temperature and the nozzle area expansion ratio so that 
with the latter variables fixed an increase in chamber pressure 
does not increase the J,,, but it does increase the nozzle flow 
rate and hence engine thrust. Operation at low chamber 
pressure tends to increase the molecular dissociation and 
hence J,,, but for practical missions which require large 
thrust the low pressure system would result in an engine size 
too large. 


Power level 


With nuclear reactors, the radiation level increases with 
power, so shielding weight will increase and radiation heating 
and damage problems become more acute. 

If a limiting power density is attained, further increase in 
power must be accommodated by an increase in reactor 


size and pressure vessel. 


Power density profile ~ 

In a previous section the heat transfer aspects of modifying 
the axial power density profile were discussed. The ad- 
vantages to be gained may be offset by the more complicated 
neutronic analysis and effects of nonuniform fuel loading. 
Certainly the fabrication and assembly of the core are made 
more complex, and it may be that such changes in fuel loading 
are limited. Similarly, the prediction of neutronic character- 
istics by the computer may become quite expensive. A 
secondary effect on the heat loss from the core boundary is 
expected, too. 


RANKINE 


CHAMBER GAS TEMPERATURE, 


Basis: Undissociated H. 
Nozzle Area 
No Pumping Power 


REACTOR POWER, Mw 


Fig. 10 Theoretical performance of nuclear engine. Constant 
flow rate and constant thrust lines as functions of temperature 


The importance of basic data and correlations is reflected 
in the reliability of the design limit figures. In the pioneering 
effort of nuclear rocket engine development, there still appears 
to be inadequate information on material properties. It is 
hoped, too, that correlations can be improved so that greater 
resolution of parameters can be made. On the basis of un- 
classified literature, it seems that some materials property 
data and allowable heat flux information are tenuous. Some- 
times, present theory or the extrapolation of existing data 
may differ significantly from the true values. This seems 
to have been the case for thermal conductivity of hydrogen 
at high temperature, judging from the recent data in LA- 
2316 (14). Other undetermined properties then become ques- 
tionable. If the recent thermal conductivity data is used to 
calculate Prandtl number, the usual assumption of constant 
Pr is no longer a good approximation over the range of tem- 
perature involved. To cite another example, graphite prop- 
erty measurements at high temperature exhibit considerable 
variance of data, leading to uncertainty in the estimation of 
the heat generation rate limit due to thermal stress and strain. 
It would be desirable to more firmly establish the trend for 
allowable power density to increase with solid temperature 
which was indicated by data in the JPL Report 122 (11). In 
the area of fluid flow with heat transfer, the transition point 
from turbulent to laminar flow under conditions of high heat 
transfer rates might be established with greater accuracy 
than now. 


Off Design Operations 


For the hydrogen cooled nuclear rocket, the theoretical 
values of gas weight flow rate and resultant thrust may be 
determined for a given chamber stagnation temperature 
and reactor power by the usual rocket equations and through 
the use of theoretical specific impulses. In Fig. 10 such 
information has been plotted as constant weight flow rate 
and constant thrust lines on temperature reactor power chart. 
Reactor power refers to the power required to heat liquid 
hydrogen at 1 atm boiling point temperature to the chamber 
temperature, while thrust is based on the theoretical specific 
impulse of isentropically expanding, undissociated hydrogen 
in a nozzle with an area ratio of 30. Pumping power was 
disregarded. If power is fixed, the thrust varies inversely as 
the specific impulse and there is some latitude for trade-off 
between the last two items. 

Even if power is not kept constant, thrust may be in- 
creased at the expense of specific impulse. Referring to the 
curves of either Fig. 6 or Fig. 7, the temperature ratio can be 
decreased to permit greater gas mass flow rate for a given 
reactor. Assuming that pumping capacity is not exceeded, 
there are portions of the curves where the increase in flow 
rate is faster than the decrease in specific impulse resulting 
from reduced temperature operation. This is clear if it is 
assumed that 7’, max is fixed. 

The degree to which the gas temperature should approach 
the solid wall temperature at the design point requires a sys- 
tem optimization study which is beyond the scope of this 
report. Before leaving this subject, however, it will be added 
that a separate study indicates that when the reactor is oper- 
ating near its maximum allowable power density, there would 
be no advantage in increasing thrust at the expense of the 
specific impulse. But if reactor operation is limited only by 
wall temperature and not by power density considerations 
over the range to be analyzed, then the considerable increase 
in thrust gained by operating at a lower temperature and in- 
creasing the gas flow rate and total power makes such a move 
attractive under certain conditions. It may be shown using 
Eq. 10 that, in the manner just described, thrust can be 
doubled as the ratio of T,/T. is reduced from 0.95 to 0.90. 

Let us now consider off-design aspects such as reduced 
power operation or changes made feasible by advances in 
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Reduced Power Operation 


Someone has suggested that flight testing of a nuclear 
rocket can be made at a fraction of some design point power, 
a power which should be large enough for heavy payload mis- 
sions and be competitive with chemical propulsion. It is 
presumed that the exhaust gas temperature will be the same 
as the design point value, signifying that the gas flow rate is 
at a fraction of the design value, together with power den- 
sity. This means that the axial profile of the solid tempera- 
ture will be lower than that of the design point, especially in 
the front portion of the core. Furthermore, it is suggested 
that, assuming present technology is limited by the solid 
wall temperature, when higher temperatures are possible in 
the future, the same sized reactor will be still usable under 
the new conditions. 

Assume a full power design point of 10,000 Mw and cham- 
ber temperature of 4000 °R. ‘This means a gas flow rate of 
653 lb/sec and resultant thrust of 5.18 x 10° lb. For a 
flight test it may be desired to operate at one tenth design 
power with the same 4000 °R temperature, requiring a gas 
flow rate of 65.3 lb/sec. Can this be done? The answer is 
yes, if the Reynolds number of the reduced power run is 
above that at transition from turbulent to viscous flow, or 
about 5000. This means the design point Reynolds number 
should be at least 50,000. At reduced power, the operating 
pressure will decrease nearly proportionally with the decrease 
in gas flow rate, so sonic choke can be avoided by choosing the 
proper design point Mach number with this in mind. This 
throttling capability may, however, be restricted by some 
other consideration such as pump characteristics. 

The above discussion also holds true for reduced power 
operation during actual mission flight, such as in the early 
cooling period to remove fission product decay heat. 

If some values of the design limitations assumed in this 
paper were to become raised, what kind of improvement in 
engine performance might one expect from just the heat 
transfer considerations? Quite significant improvement may 
be expected for the graphite cone if thermal conductivity and 
resistance to hydrogen attack are raised. 

An increase in operating temperature certainly implies 
that specific impulse would be increased due to the higher gas 
temperature possible. As for the allowable heat generation 
rate due to thermal stress rupture, the previously mentioned 
JPL-122 data indicates that the allowable heat flux would 
increase nearly proportionately with temperature up to about 
5500 °R if a limiting centerline temperature is not reached in 
the change. Further experimental verification on this point 
is desirable. 

An improvement in allowable heat flux alone with a fixed, 
limiting wall temperature would not be expected to improve 
the specific impulse, but a higher specific thrust or greater 
power density is made possible up to the point when solid 
centerline temperature may become limiting. 

A change in material which would permit a higher chamber 
gas temperature while resulting in higher specific impulse, 
would have to be examined to see if the density and allowable 
heat generation rate would result in improvement of thrust 
to weight. 

As noted in the opening paragraph of this report, the present 
observations are confined to a narrow aspect of nuclear pro- 
pulsion system design. An overall system optimization will 
entail a much more involved study. 


Summary and Conclusions 


By means of detailed analyses of the heat transfer process 
in a typical model of a nuclear rocket engine, the influence of 
core design parameters were studied. Power density limi- 
tations were estimated and related to equivalent coolant 
channel diameter and core void fraction. 

Typical axial power density profiles were also compared 
for efficiency as defined in the text. It was shown that the 
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core with constant wall temperature was desirable if the 
only restriction to heat removal was a limiting wall tempera- 
ture. But, if in addition there happened to be some critical 
allowable heat flux limit, a combined approach is better. 
In this case, with due correction for the entrance effect, the 
power density in the front portion should operate close to the 
allowable value, while the downstream zone should operate 
near the allowable wall temperature. 

This study also indicated that the nuclear engine is capable 
of considerable throttling capability and that it should be 
possible to operate at a reduced J,, but higher thrust under 
nondesign point conditions. 
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Nomenclature 


B= constant 
Cp = specific heat _ 


C constant 

d = channel hole diameter 

D-. = core diameter 

f = friction coefficient 

F = propellant thrust 

G = mass flow rate of coolant per unit flow area 

h = heat transfer coefficient of gas film at channel wall 


H = gasenthalpy 
Isp = specific impulse of propellant 


k = thermal conductivity 
L. = length of coolant channel or core = 
m = constant 
M = Mach number of coolant gas 
p = gas pressure 
P = total power absorbed by gas in core except where noted 
Pr = Prandtl number 
q = heat transfer rate 
S = heat transfer surface area 
t = static temperature of gas >) oe 
T = total or stagnation temperature of gas 
Taw = “adiabatic wall’’ temperature 
T; = gas film temperature 
= gas temperature as defined in text 
Tw = channel wall temperature 
uw = gas flow rate, mass per unit time ~ A 


W. = core weight 
= distance downstream from entrance of coolant channel 


x 
y = ratio of specific heats of gas > : 
e = void fraction of core 7 
p 


= gas viscosity 
= density 
= parameter described in text 


Subscripts 

1 = inlet to coolant channel 

2 = exit from coolant channel 

ave = average 

f = “film temperature” condition 
s = refers to solid material of core 
x = local value at point x 
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An experimental investigation of the flow in simple jet driven vortex tubes under conditions 


dynamically similar to those estimated to be necessary for operation of a vortex cavity reactor has 
indicated that viscous retardation of the vortex motion near the periphery is severe. Estimates of 
virtual viscosities and skin friction coefficients based on an assumed two dimensional flow field have 
been correlated in terms of the peripheral tangential Reynolds number based on the tube diameter. 
Friction coefficients so defined for vortex flow appear to be high by a factor of about two compared 
with those for turbulent flow along a flat plate with zero pressure gradient. Observed tangential 
velocities are compared with theoretical calculations for viscous vortex flow in terms of the turbulent 
radial Reynolds number. This comparison suggests that virtual viscosity probably decreases with 
decreasing radius. Extrapolation of the experimental results to typical reactor operating condi- 
tions as calculated by Kerrebrock and Meghreblian has indicated the need for small diameter tubes 
and recirculation of a large fraction of the inlet gas in order to achieve adequate vortex strength 
without exceeding an allowable exit mass flow rate. Quantitative measurements of concentration 
profiles for separation of helium and a heavy fluorocarbon vapor were made using a radial gas 
sampling probe and thermal pememnaniey analysis. The data are compared with laminar flow 


HE FEASIBILITY of utilizing a vortex field to contain 
a fissioning gas is strongly dependent upon the magni- 
tude of the tangential velocities that can be generated at low 
propellant mass flow rates. It was shown by Kerrebrock 
and Meghreblian (1)? that it should be possible to obtain 
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vortices of sufficient strength for separation of U and Ha, 
provided the flow field remained laminar. The effects of 
turbulence were not included in the analysis. 

In order to achieve criticality in gaseous reactors, it is 
necessary that the ratio of fissionable material density to pro- 
pellant density be large in the fuel zone, and that the pro- 
pellant pressure be high (2). Since the tangential velocity 
required for separation is also high, the characteristic Reyn- 
olds number for the flow will be large and turbulence will 
most likely exist. Furthermore, the diffusional velocity of 
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Fig. 1 


propellant through the fuel zone limits the exit mass flow rate 
to a very low value. There is obviously a limit also to the 
amount of energy which can be expended in maintaining the 
vortex. These factors impose severe limitations on the 
operation of gaseous vortex cavity reactors. 

An experimental program at the Oak Ridge National Lab- 
oratory had as its objective the study of flow and separation 
in jet driven vortex tubes under conditions estimated to be 
dynamically similar to those believed necessary for reactor 
operation. This program included both an exploratory gas 
dynamics investigation, in which the effects on vortex 
strength of such variables as tube diameter, pressure, tem- 
perature, mass flow rate and injection velocity were in- 
vestigated, and a preliminary separation study. Details 
of the experimental work at ORNL are presented in (3,4,5). 
This paper summarizes the major results of the investigation, 
with an interpretation of the gas dynamies studies in terms 
of the application to a gaseous reactor for rocket propulsion. 
Experimental work carried out by the NASA is described by 


Ragsdale (6). ve 


Experiments were carried out in tubes ranging in size from 
about 0.3 in. to 2.0 in. ID, with length to diameter ratios of 
6 to 20. Fig. 1 is a dizgram of one of the 2.0-in. diameter 
tubes in which the vortex was generated by means of twelve 
0.0135-in. diameter nozzles located in a staggered configura- 
tion along the tube length. Gas was exhausted by means of a 
conical valve at the center of one end of the tube. The radial 
static pressure distribution, from which tangential velocities 
were determined by a method discussed in (4,5), was measured 
by means of pressure taps drilled in the closed end of the 
tube. This particular tube had a porous wall for study of 
the effects of boundary layer suction and injection. ‘The 
porous wall was also used to achieve uniform introduction of 
a heavy gas for the separation studies. Taps were provided 
for insertion of a gas sampling probe used for measurement 
of the concentration gradient in the separation work. 

Fig. 2 is a photograph of the 2-in. tube with the outer jacket 
and end plates removed. The two smaller tubes are 1- and 
0.64-in. diameter inserts which were used to study effects 
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of tube diameter and length/diameter ratio. 


served for vortex generation. 
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In some of the experimental 


tubes, the vortex was generated by means of a continuous - 


slit a few mils wide, rather than by discrete nozzles. 


Fig. 2. 2-in. porous vortex tube and inserts: A = 1 in.-diam, 


B = 0.64 in.-diam 
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Experimental Results 


The values of peripheral tangential Mach number M, 
which were observed in 0.64- and 2.0-in. diameter tubes with 
N: gas injected at room temperature and at sonic velocity M; 
= 1 are indicated in Fig. 3 as a function of the mass flow rate 
m. M, is the rotational Mach number near the periphery of 
the tube and can be considered as a direct indication of the 
vortex strength. The data include measurements with tube 
wall pressures of 83 and 108 psia. It must be pointed out 
that, based on the original laminar flow analysis (1), a pe- 
ripheral Mach number approaching unity should be achievable 
at the allowable mass flow rates of 0.01 to 0.02 Ib/sec-ft. 
Note, however, that in this range of mass flows the values of 
M, actually observed varied from approximately 0.10 to 
0.18 for the 2-in. tube, and from approximately 0.2 to 0.3 for 
the 0.64-in. tube. The highest peripheral Mach number of 
0.49 was observed in a 0.64-in. diameter tube, and required a 
mass flow rate of 0.06 lb/sec-ft. Since the observed velocities 
were significantly lower than would be expected for laminar 
flow, it may be concluded that boundary layer turbulence 
existed with correspondingly high wall shear. 

Preliminary estimates of the degree of turbulence in vortex 
flow were made by comparison of observed velocity profiles 
with published solutions of the Navier-Stokes equations in 
terms of virtual viscosity (molecular viscosity plus eddy vis- 
cosity) (7). Fig. 4 shows the observed ratio u*/u of virtual 
to molecular viscosity near the periphery as a function of 
tangential peripheral Reynolds number Nre,,, for three tubes 
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Fig. 3 | Tangential peripheral Mach number vs. mass flow rate, 
M; = 1.0; based on experimental results for N. gas, 75°F 
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Fig. 4 Variation of ratio of virtual viscosity to molecular viscosity 
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sizes, N. and He gas. At the lowest Reynolds number 
4 X 104, u*/u = 30, and at the highest Reynolds number 
1.6 X 10°, the ratio is nearly 700. The ratio would, of course, 
be unity for laminar flow. Since the operating Reynolds 
number may be in the range from 3 X 10° to 6 X 10%, it is 
suggested that turbulence will probably exist, unless the strong 
density gradients resulting from the internal heating p roduce 
sufficient stabilization. 

It must be pointed out that the estimates of virt ual vis- 
cosity are based on a two-dimensional flow analysis in which 
the radial mass flow rate is assumed uniform and equa | to that 
which exhausts at the center of the tube. Measu rements 
by Kendall (8) at the Jet Propulsion Laboratory indic ate that 
this is not necessarily true, and that some of the flow is carried 
in the boundary layers on the wall and end plate. WN eglect of 
this component of the flow means that the viscosities esti- 
mated in this work are upper limits. It is the opinion of the 
author, however, that with tube length to diameter ratios of 
six or more as employed, the effect of the secondary flow may 
be neglected to a first approximation. This view is supported 
by reasonable agreement of the observed and calculated 
position of the heavy gas concentration peak when secondary 
flow effects are neglected (see paragraph on separation). This 
aspect of the problem should, nevertheless, be investigated 
in detail in order to more clearly understind the flow phe- 
nomena. 

The observed influence of peripheral tangential Reynolds 
number on vortex strength is shown in Fig. 5, in which the 
effective jet input power P* = (y/2)m M;? required to sustain 
vortices with varying M, is plotted as a function of the 
Reynolds number. The discrepancy in the results for 0.30 < 
M, < 0.38 is not understood. It is inferred from the plot 
that maintainance of constant M, with increase in Nar,,, 
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Fig. 5 Vortex tube performance characteristics summary plot: 
peripheral tangential Reynolds number vs. jet input power; linear 
fit to data for 0.6-, 1.0- and 2-in. diam tubes; N, and He gas 
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requires an approximately proportional increase in input 
power. For fixed injection velocity, this means that an in- 
crease in inlet mass flow is required to maintain a given vortex 
strength as the Reynolds number increases. 

Comparison of a typical experimentally determined ve- 
locity profile with theoretical profiles for two-dimensional 
viscous vortex flow is presented in Fig. 6. The experimental 
profile is based on data for a 2-in. diameter tube operating at 
40 psia with an injection Mach number of 0.98 and a pe- 
ripheral tangential Mach number of 0.24. Note that the exit 
radius ratio r.’ was 0.25. The assumption of an isentropic 
expansion process was made in obtaining the velocity profile 
from the Mach number profile determined directly from 
static pressure data. A value of the turbulent radial Reyn- 
olds number A of 2.5 was ascertained by comparison of the 
observed velocity profile near the wall with the theory of 
Einstein and Li (7), as discussed in (4, 5). The complete 
profile was then calculated making use of the appropriate 
relationships given by Einstein and Li for r’ > r,’ and r’ < 
r.’. The curve calculated from the theory of C. D. Pengelley 
(9) was obtained by matching the calculated and observed 
profiles at a point inside the exit radius where viscous stress 
vanishes. It is suggested by a comparison of the slopes of 
either theoretical curve for constant turbulent radial Reyn- 
olds number with the experimental data that the Reynolds 
number is probably not constant as assumed, but increases 
(i.e., u* decreases) with decreasing radius. This apparent de- 
crease in the turbulence level at small radii may result from 
stabilizing effects of the strong density gradient and the corre- 
sponding decrease in the tangential Reynolds number near 
the center of the tube. 

The intensity of turbulent wall shear is of obvious interest 
in relation to fluid friction characteristics of vortex tubes. 
Estimates of average coefficients of skin friction C; have been 
made from tangential velocity and virtual viscosity data, 
making use of a torque balance in which the driving torque 
due to the decrease in momentum of the feed jets is equated 
to the sum of the torque due to wall shear and the internal 
fluid torque 


m 
(uj — Ua) X ra = Cy X 
Driving torque Wall shear torque a 


Internal fluid torque 


is assumed that u = = Ry tts = 
4 Nre, [ u; n+1 

| - - (1 - 


Uy A 


Nre, and Nre,,, are the radial and tangential Reynolds num- 
bers, respectively; u;/u, is the ratio of jet velocity to pe- 
ripheral tangential velocity, n is the exponent in u = K/r", and 
A is the turbulent radial Reynolds number. 

Fig. 7 is a graph of C, versus peripheral tangential Reyn- 
olds number, including data for 3-, 1-, and 2-in. diameter 
vortex tubes. The data scatter about the least squares line 
represented by the equation 


Cy = 0.35 (Nre;,»)-°” 


The lower (dashed) curve is a plot of the Schoenherr average 
law for turbulent C; on a flat plate with zero pressure gradient 
(10). Since the Schoenherr equation is based on a length 
Reynolds number, which is not directly comparable with the 
Reynolds number as defined for vortex flow, the lower curve 
should be considered for reference purposes only. It is not 
unreasonable, however, that the friction coefficient for vortex 
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Fig. 6 Comparison of an experimentally determined tangential 
velocity profile with theory: 2-in. tube on 
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flow may be higher than that for flow along a flat plate, as a 
consequence of the well-known destabilizing effect of concave 
curvature. 

The ratio of wall shear to internal fluid shear is given ap- 


proximately by the expression 


This ratio was found to vary from about 2 for 0.64-in. aie: 
tubes to about 7 for 2.0-in. diameter tubes, indicating the 
significance of the internal shear component. 

Some experiments were carried out with uniform wall bleed- 
off, utilizing 2-in. diameter nozzle and slit fed tubes with 
porous walls (sintered Ni) having approximately 100-u in. 
surface finish. These experiments were for the purpose of 
determining if reduction in wall shear by boundary layer 
stabilization could be observed. In no case was a significant 
increase in vortex strength measured for bleed flows up to 
three times the exit flow. The vortex strength was observed 
to increase with extreme wall cooling, however, suggesting 
that strong density and viscosity gradients in the boundary 


layer may reduce turbulent shear. 
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Peripheral Peripheral Exit gas 
Mach number, gas emp» temp, 
Case Mp (Tp), °F (T,), °R 
1 1.00 fo 4500 7,020 
4 1.00 oak 2470 10,000 


i a Lz Table 1 Conditions of operation of a vortex cavity reactor based on calculations of Kerrebrock and Meghreblian (1) 


Peripheral tangential 


Mass flow Peripheral Reynolds number for 
rate, m, gas pressure, a 0.64- con diam tube, 
Ib/sec-ft Pp, atm NRe:,p 


1.98 X 107? 213 wh 3. 6 X 10° 
1.21 X 10-? 171 5.6 X 10° 


Application 


An interpretation of the experimental gas dynamics results 
in terms of the application to a gaseous reactor for rocket 
propulsion is of interest. Table 1 reviews conditions of 
operation of a vortex cavity reactor based on the calculations 
of Kerrebrock and Meghreblian (1). Case 1 is for a hybrid core 
in which the propellant is heated to 4500 °R by solid fuel ele- 
ments located between the vortex tubes, and the temperature 
increased to approximately 7000 °R by the gaseous core. 
Case 4 is for an all gaseous core with propellant inlet tempera- 
ture of 2470 °R and exit temperature of 10,000 °R. Note 
that pressures of 213 and 171 atm are required for criticality, 
and that the corresponding tangential Reynolds numbers are 
3.6 X 10° and 5.6 X 108. Note also that a peripheral tangen- 
tial Mach number of 1.0 is assumed, with mass flow rates of 
0.0198 and 0.0121 Ib/sec-ft. On the other hand, because of 
turbulence, the maximum tangential Mach number, which 
could be generated experimentally at a mass flow of 0.02 
lb/see-ft, was of the order of 0.3, as indicated in Fig. 3. In 
order to increase the vortex strength, it is necessary to intro- 
duce excess mass flow, with bleed-off and recirculation of all 
but the allowable exhaust flow. Table 2 presents estimates 
based on extrapolation of the experimental results (Figs. 
3 and 5) using Reynolds and Mach number similitude criteria, 
of the recirculation ratio R (defined as the ratio of mass flow 
recirculated to mass flow exhausted) required for generation 
of vortices having M, of 0.25, 0.5 and 1.0 under conditions of 
constant exit mass flow rate. The two examples chosen for 
illustration are based on cases | and 4 of Table 1 and (1). For 
case 1, recirculation ratios required for 0.64-in. tubes increase 
from 0.4 to 29 as M, increases from 0.25 to 1.0. Larger ratios 
are required if 2.0-in. tubes are used. Assuming that M, of at 


Table 2 Estimates of mass flow recirculation ratios re- 
quired for operation of a vortex cavity reactor based on 
ORNL experimental results 
Constant exit mass flow rate 
eral mass flow 
Mach Exit mass Tube exhausted /ft 
no., flow rate, diameter, R = Mr/Me 
Case My Me l|b/sec-ft in. (M; = 1.0) 
1 1.00 1.98x10-* 064 29.0 
0.50 10-2 0.64 5.0 
0.25 1.98 x 107? 0.64 0.4 
1 1.00 1.98 x 2.00 109 
0.50 1.98 x 1072 
0.25 1.98x10-* 200 4 
4 1.00 1.21X107% 064 — 74.0 
0:50 1.21x10* 0.64 12.5 
0.50 1.21 x 107? 
0.25 1.21 x 107? 
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least 0.5 will be necessary for preliminary interest in vortex 
reactors, it is seen from the table that attainment of this will 
require a recirculation ratio of 5.4 In order to obtain R of 5, 
it would be necessary to provide extra heat rejection capacity, 
such as additional liquid He. A rough estimate of the amount 
of additional liquid H, required indicates that for case 1 the 
minimum take off weight of coolant would be several times 
that of the reactor. For case 4, the recirculation ratio re- 
quired for M, = 0.5 is about 13, and the additional weight of 
coolant amounts to possibly five times the reactor weight. 
These penalties must be taken into account in evaluating the 
vortex reactor concept for rocket propulsion. Furthermore, 
with a peripheral Mach number of 0.5, the peak in fuel con- 
centration will occur at a radial position of at most 0.5, and 
the diameter of the exit nozzle cannot be greater than say 
0.25 of the tube diameter. The consequence of this is that 
the individual tubes must be short in order to limit the mass 
flow per tube; a very large number of them will therefore be 
required to achieve high total thrust. Thus turbulence im- 
poses a geometrical limitation as well as a weight penalty. 


Separation 


Separation experiments were carried out utilizing helium 
and a heavy fluorocarbon vapor CsF\, (molecular weight 400). 
Note that the ratio of masses is nearly the same as for H.-U. 
The heavy gas was introduced as a dilute mixture with helium 
through the porous wall of the 2-in. diameter vortex tube 
described in Fig. 1. This method of introducing the trace 
gas insured uniform peripheral distribution and eliminated 
the possibility of condensation which might occur, for ex- 
ample, if nozzle injection were used. To minimize condensa- 
tion resulting from the vortex radial cooling effect, the peak 
mole fraction of CsFig was maintained below saturation, 
based on an assumed isentropic expansion process. To fulfill 
this requirement, the vapor mole fraction had to be less than 
100 ppm. 

An 0.008-in. OD probe introduced radially at the midaxial 
position was used to withdraw gas for analysis by measure- 
ment of thermal conductivity. Inherent disadvantages 
associated with use of such a probe must be recognized, 
since the probe itself introduces turbulence, thereby decreas- 
ing the vortex strength and the separation effect; and with- 
drawal of even a very small gas sample disturbs the diffusion 
equilibrium, and hence the gas concentration at the point 
of sampling. 

A relationship between the tangential Mach number at 
the radius of maximum mole fraction of heavy component 
and the exit mass flow rate is derived in (1) for laminar 
flow. For the special case of a very dilute mixture, as em- 


ployed in the experiments, the relationship is ne 
M,? = m(1 — 
2m (p Diz)m (M2/m; — 1)¥ 


M,, is the tangential Mach number at the radius of maximum 
mole fraction, m, is the exit mass flow rate per unit tube length, 
2-/2m is the ratio of mole fractions of heavy component in the 


? Recirculation techniques are discussed in (2). 
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exit gas stream and at the peak, (p Dis)m is the density- 
molecular diffusivity product at the peak, mz/m, is the mass 
ratio, and y = c,/c,. From an examination of this equation, 
it is seen that M,, varies directly as the square root of the 
exit mass flow rate and inversely as the square root of the 
diffusivity. In view of the small magnitude of diffusivity 
for CsF is in helium near room temperature, the equation can 
be satisfied for values of M,, which are experimentally at- 
tainable only if the exit mass flow rate is low. Thus it was 
necessary in the experiment to introduce excess mass flow 
in order to generate the required vortex strength, and to 
bleed off all but the allowable exit flow. 

Operating conditions and results for three typical separation 
runs are summarized in Table 3. Note that large bleed ratios 
were required, and that wall pressures ranged from 41 to 56 
psia. In run 1 the gas was bled off axially by means of 
annular rings of holes located in the exit end plate at two radial 
positions, 0.25 and 0.4 in. In run 2 bleed off was radially 
outward through a slit in the wall, and in run 3 bleed off was ax- 
ial at a radial position of 0.4 in. The peaks in mole fraction of 
heavy component were observed to occur at positions varying 
from 11 to 21% of the radius. The tangential Mach num- 
bers observed at the radius of peak mole fraction were deter- 
mined with the sample probe inserted, and thus reflect the 
effect of the probe on the vortex strength. These Mach 
numbers were 0.70, 0.70 and 0.55, respectively. 

Mole fraction ratios x,/z,, of 0.5 and 0.67 were measured 
for runs 1 and 2; no measurement was made for run 3. The 
calculated Mach numbers at the peak position for runs 1 and 
2 were obtained from the preceding equation, using an experi- 
mental value of molecular diffusivity for CgF\.-He, corrected 
for temperature. Note that the observed and calculated 
values of M,, agree to within 20%. 

Fig. 8 is the separation profile observed in run 1; the ratio 
of the mole fraction CsF 5 at radial position r’ to that at the 
wall is plotted as a function of r’. Note the definite peak 
at r’ = 0.15 and the sharp dropoff toward the center of the 
tube. The peak is seen to occur just outside the exit opening 
(r.’ = 0.11), but inside the inner bleed position (r’ = 0.25). 
The dashed curve is the corresponding tangential Mach num- 
ber profile obtained with the probe inserted to r’ = 0.15. 


Summary 


It must be recognized that the experimental work was 
exploratory in nature and that a number of important ques- 


Table 3 Summary of operating conditions and results 
| for He-C;F\; separation experiments in a 2-in. diam vortex 
| tube 

Run 
Parameter 1 2 3 
Inlet helium mass flow 
rate, m; (lb/sec-ft) 0.023 0.030 0.030 

Bleed ratio, Rg 15.6 9.4 17.5 

Wall pressure pp, psia 56.3 40.8 53.0 

Exit diameter 2r,, in. 0.221 0.250 0.250 

Bleed off position, r’ 0.25, 1.00 0.40 

0.40 (wall = (axial) 
(axial) slit) 
Observed mole fraction 
peak position, 7m’ 0.15 0.11 0.21 
Observed mach number 
at rm’, Mm 0.70 0.7 0.55 
Observed ratio of exit 
mole fraction to that 
Calculated Mn 0.58 0.81 _ 
Ratio of observed M,, to 
calculated Mn 1.2 0.87 — 
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Fig. 8 Separation of He-C;F\. in vortex flow: run 1, Table 3 


tions remain unanswered. In particular, the influence of 
possible secondary boundary layer flow was not investigated. 
The extrapolation to reactor conditions is a long one, of 
course, but some tentative conclusions may be drawn per- 
tinent to the application of simple jet driven vortex tubes to 
a gaseous fission rocket. Further experimentation is ad- 
mittedly needed to test the following conclusions: 

1 Flow in the tubes can be expected to be turbulent, es- 
pecially near the wall; the actual turbulence level will depend 
on the degree of stabilization effected by the temperature 
and pressure gradients in a manner which cannot at this time 
be quantitatively determined. 

2 Due to turbulence, the achievement of vortex strengths 
adequate for separation may require the use of small diameter 
tubes with recirculation of a significant fraction of the inlet 
mass flow. Unless the excess flow can be used advantageously 
for boundary layer stabilization, recirculation ratios may be 
sufficiently high to necessitate auxiliary cooling capacity, thus 
increasing the weight and decreasing the payload capability 
as compared with the idealized model. A detailed design 
optimization is needed to determine overall performance 
characteristics. 

3 Separation of U and H; may be achieved in a vortex 
flow field of limited turbulence provided the size of the ex- 
haust opening is sufficiently small. This implies a geo- 
metrical configuration consisting of a large number of short 
tubes in parallel. The problems of feeding such a configura- 
tion and of nuclear criticality are formidable ones. 
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Nomenclature 


A = turbulent radial Reynolds number, m/27u* 

Cy = skin friction coefficient 

Dy» = molecular diffusivity, it?/sec 

K = aconstant 
m = mass flow rate per unit of tube length, lb/sec-ft 

M = Mach number ~~ - 

m = molecular weight, Ib-mole/Ilb = 

n = exponent ae 

Nre = Reynolds number 

P* = effective jet input power per unit of tube length, lb/sec-ft 
p = pressure, psia 

R = tuberadius,ft 


q 
i 
} 
¥ 


r = radial distance, ft 

T = absolute R 

u = tangential velocity, fps 

x = mole fraction heavy component 

= Cp/er 

uu = absolute molecular viscosity, lb/sec-ft 

u* = absolute virtual viscosity, lb/sec-ft 

p = density, lb/ft* 

Superscripts and Subscripts 

‘= denotes value divided by value at periphery 

a = jet inlet 

e = exit 
= jet 
m = maximum mole fraction 

p = periphery aiid 

r = radial 

t = tangential 

1 = light component 

2 = heavy component 


O DAMP the spinning or oscillating motions of an arti- 

ficial Earth satellite it is necessary to have something to 
push against. Although internal mechanical devices can 
provide motion of one part of the satellite relative to another, 
they do not offer a system whereby the total angular momen- 
tum vector can be altered. To accomplish a change in the 
angular momentum of an Earth satellite, it is necessary to 
transfer momentum to another body. Several media, e.g., 
gas molecules, photons (usually those radiating from the sun), 
the Earth’s gravitational field and the Earth’s magnetic 
field are available in the environment of an Earth satellite to 
effect this momentum transfer. Of all these media for 
momentum transfer, the relatively large torque that can be 


~ Presented at the ARS 15th Annual Meeting, Washington, 
D. C., Dec. 5-8, 1960; revision received July 14, 1961. 
1 Project Supervisor, Power Systems and Attitude Control. 


1210 


both oscillatory and spin motions of an orbiting satellite. 
to that axis of the satellite about which it is desired to damp out motion. This system has been 
used on the TRANSIT 1B and 2A navigational satellites. As a result, all oscillatory motions of 
these satellites appear to have been damped out, and their spin has been essentially stopped. 
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Multiple, cylindrical rods of a high permeability magnetic alloy can be employed for damping 


These rods are oriented perpendicular 


exerted on an Earth satellite by the Earth’s magnetic field 
make it appear the most feasible means for damping the 
angular motions. This paper describes explicit methods 
by which the magnetic materials internal to the satellite can 
be used to remove spin energy and to damp out oscillatory 

motions. 


Ys 


Requirement for Spin Removal and Damping 
of Oscillatory Motions 


To stabilize the satellite as it is injected into orbit, satellites 
are usually caused to spin about their axes as part of the 
launching process. However, spin removal is required for 
several reasons, of which most common is that the satellite’s 
attitude can then be controlled. For example, a system of 
magnetic attitude control has been employed on the 
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TRANSIT 1B and 2A satellites. This control consists of 
a strong, permanent magnet mounted parallel to the satel- 
lite’s spin axis. When the spin of the satellite was reduced 
below approximately 0.01 rps, this magnet caused the satel- 
lite to align its axis along the direction of the Earth’s mag- 
netic field. The spin had to be removed from the TRANSIT 
satellites in order to make this orientation possible. 

For solar or gravity gradient oriented satellites, the satel- 
lite’s spin must be reduced considerably below 0.01 rps. 

Another reason for spin removal stems from the fact that 
the frequency of radio transmission from the satellite is 
modulated at twice the spin rate. This is undesirable because 
it affects thé precise doppler tracking of an Earth satellite. 
Thus in the TRANSIT satellites where transmission fre- 
quency stabilities are on the order of 0.01 eps in 108 me, the 
spin rate had to be reduced below 0.005 rps in order to avoid 
significant modulation of the doppler transmission. 

The reason for damping the oscillatory motions of Earth 
satellites are quite obvious. If a particular attitude control 
system is developed there usually results an oscillation of the 
satellite about the desired attitude. Magnetic materials 
can be employed to damp out such oscillations, thereby 
allowing the attitude control system to be more effective. 


Use of Magnetic Materials for Damping Angular 
Motions 


Fig. 1 illustrates a cylindrical rod spinning in the Earth’s 
magnetic field. Due to demagnetization (1),2 only the 
magnetic field component along the rods longitudinal axis 
need be considered. If we let 7’ represent the period for one 
rotation of the rod, and H,,, represent the maximum value of 
the magnetic field component along the rod’s longitudinal 
axis, then the effective magnetic field on the rod will vary 
sinusoidally as shown in Fig. 1. The changing magnetic 
field will cause the flux density in the rod to vary. This 
will result in eddy current and hysteresis losses in the rod. 
If a shorted coil is wrapped around the rod, the flux changing 
in the rod will result in a flow of current in the coil which 
further increases the rate of energy dissipation. 

Several magnetic materials were tested for use in the 
TRANSIT satellite (having a nominal altitude of 500 miles). 
These materials were: AEM 4750, Mu-Metal, high purity 
iron, 3.4% silicon-iron, and Orthonol. 

A comparison of the hysteresis loops of two of these ma- 
terials isshown in Fig. 2. For the magnetic fields encountered 
at a 500 mile altitude, the AEM 4750 offered the greatest 
energy dissipating ability of any of the materials tested. 
AEM 4750 is a nickel-iron alloy having the nominal compo- 
sition 47.5% nickel, 52.5% iron. 

The ordinate in Fig. 2 represents the average flux density 
in the rod. The actual calculation of energy loss is compli- 
cated by the fact that the flux density varies along the 
length of the rod, being a maximum at the center and falling 
off sharply at each end. 

The magnetic properties of rods are very sensitive to the 
ratio of the rod’s length to the rod’s diameter. Fig. 3 shows 
the effect of L/D ratio on the hysteresis loop of AEM 4750. 
In order to increase magnetic damping, it is desirable to use 
many rods each with a high L/D ratio. However, if we put 
two rods close together with their longitudinal axes parallel, 
we get the same effect as if we had decreased the L/D ratio of 
each of them. This phenomenon, which we shall call “sepa- 
ration effect,” is illustrated in Fig. 4. As a result of this 
effect, if two rods having an L/D ratio of 248 are placed to- 
gether with their longitudinal axes parallel, they will exhibit 
a smaller total energy dissipating capability than one rod by 
itself. 

We shall define separation effect coefficients o., 7, and o, 
for eddy current, hysteresis and shorted coil damping respec- 


2 Numbers in parentheses indicate References at end of paper. 
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Fig. 3 The effect of ./D ratio on the hysteresis loop of AEM 
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Fig. 4 The hysteresis loop area and peak flux density as a 
function of separation distance 
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Fig.6 Spin rate of the Vanguard satellite (1958 82) as a function 
time 


tively. When the separation distance is infinite, each one 
of these coefficients is unity. The values o, and a; are de- 
pendent on the decrease of peak flux density due to close 
proximity of multiple rods. The value of o, is dependent 
on the decrease of hysteresis loop area. 
_ For a magnetic material the hysteresis loop area and the 
peak flux density (as averaged along the length of the rod) 
will be a function of the impressed magnetic field. The effect 
of the peak magnetizing field on a cylindrical rod of AEM 
4750 is illustrated in Fig. 5. 


Spin Removal by Means of Eddy Current > 


Damping 


The fact that the spin rate of satellites is reduced by eddy 
currents which result from spinning in the Earth’s magnetic 
field has been established by long term observations of the 
Vanguard satellite, 1958 62. The curve (drawn on a loga- 
rithmic scale) for spin rate as a function of time for 1958 62 is 
shown in Fig. 6 (2). 

Since the Vanguard satellite does not contain an appre- 
ciable amount of ferromagnetic material, the eddy current 
losses are due almost entirely to the spinning aluminum struc- 
ture of the satellite. From Fig. 6 it is seen that the spin 
velocity drops to 3 its value in approximately 155 days. 

Magnetic materials of the proper material and geometry 
can greatly increase the spin reduction due to eddy currents. 
For a permeable bar spinning in a magnetic field, the intensity 
of the field in the longitudinal direction is given by 


H = H,, sin wt oersted {1] 


As a result of the time varying intensity of the magnetic 
field, there will be a variation of the flux density within the 
rod. For a sinusoidal variation of the magnetic field, the 
flux density in the bar will also, to a good approximation, 
vary sinusoidally. If we take (B,,). to be the maximum 
flux density in the rod (averaged over its entire length) 
corresponding to the peak magnetizing field H,,, then the 
flux density at any instant is given by 


B = B, sin at gauss [2] 


The voltage around a cylindrical element in the bar of 
radius r, thickness dr, and length L is given by Faraday’s 
Law 

dy 


_ — —8 td 
N x 10 volts [3] 


ll 


For this case N = 1 
g = mr(B,). Sin wt maxwell at [4] 


= mr?(Bn).w cos wt [5] 


dt 
_ It can also be shown that the resistance of the cylindrical 
element is given by 
2a pr 
R= ohms [6] 


Therefore the power dissipated in the cylindrical element is 

given by 

d (42) _ cos? wt dr X 107 
At 


R 2p 
ergs/sec [7] 


where the negative sign is taken because the energy is de- 
creasing. Over a complete spin cycle, the average value of 
cos? wt = 1/2. The total power dissipated in the rod is 
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nye found by integrating over all cylindrical elements from 
= Otor = D/2 


= 2(B,,*). L 
Here sleds represents the rate of loss of energy when 
averaging over a complete revolution of the rod. Setting 


V = 2(D/2)°L, after integrating in Eq. 8 yields 


AE, w? 2 
a 64p V D? X 10 


r? dr 107° ergs/sec [8] 


For a satellite containing n rods, having a separation dll 


coefficient for eddy currents o,, the energy dissipation is given 
in terms of the spin rate f by the equation 
AE, 


nf? (Bn?). VD? X 10-4 
ergs/sec [10] 


where (B,,). represents the average value of the square of 
the maximum flux density (over the entire length of the rod) 
as the satellite traverses its orbit. If we let 
k, = VD? X 10-" erg-sec_ [11] 


then 


AE. 


_ 


For the energy loss given by Eq. 12, it can be easily shown 
that there is a resulting torque acting on the satellite which 
is given by 


ergs/sec 


1 dk. 
a dyne-cm [13] 


The torque is related to the satellite’s spin rate and moment 
of inertia by _ 


dw df 
= = 2 mne-c 
Equating the values of 7, from Eqs. 13 and 14 gives 
df _ 1 dk, 
dt nf dt [15] 


and substituting the value of AF,/At from Eq. 12, in place 
of dE,/dt in Eq. 15 (which is valid if we take 7, to be the 


average torque overacycle), wethen obtain 
d 


Separating the variables, cise and evaluating the con- 


stant of integration (using the initial condition that f = fo | 


when t = 0), yields the result 
f = foexp rps [17] 


that is, the spin rate will decay exponentially with time. 


Spin Removal by Means of Hysteresis Damping 


Because heat is generated as a result of internal friction 
due to the motion of magnetic domains within the permeable 
rod, a permeable rod spinning in the Earth’s magnetic field 
(as shown in Fig. 1) will also experience a hysteresis loss. 
For a single permeable rod, the hysteresis loss over one period 
of rotation is given by 


pl AE, = HaB ergs/cycle [18] 


Letting AE,/At represent the hysteresis energy loss per unit 
time, and averaging over a complete revolution of the rod 
we get that 


AF, _ _ 0.25f 
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ergs/sec [9] 


where the negative sign is taken because the energy is de- 
creasing with time. 

Letting (¢ HdB) equal the average area of the hysteresis 
loop of a rod as the satellite traverses its orbit, we get that 
the energy loss per unit time due to hysteresis damping for 
n bars having a separation effect coefficient o, is given by 


ARR 025 
9 
om Vf (PH dB) ergs/sec [20] 
and defining a hysteresis damping coefficient : 


= (fu dB) ergs [21] 


we get for hysteresis damping that 
AE, 
At 


As with the case of eddy current damping, the torque due 
to hysteresis loss is given by 


kif 


ergs/sec 


dyne-cm [23] 


Eq. 23 shows that the average torque over a revolution of the 
satellite is independent of the spin rate. We now obtain 
the differential equation 


d, 
= —k, [24] 
dt 
Solving the differential equation and applying the initial 
condition that f = fo at t = 0 yields 


k 
f=h- rps [25] 


The interesting result obtained here is that the spin rate of 
the satellite will decrease linearly with time, and will actually 
go to zero rps (with respect to the ambient magnetic field) 
in a finite time. This is distinctly different from the case 
of eddy current (or shorted coil) damping where the spin 
rate decreases exponentially, but never reaches zero. This 
method of damping is particularly important where it is 
desired to obtain fairly rapid decay of low spin rates. 

To find the time required for the satellite to stop spinning 
(with respect to the ambient magnetic field) we set f = 


in Eq. 25 and obtain the resu!t 


2 
bo [26] 
ka 


Spin Removal by Means of Shorted Coil Damping 


It is a well known fact that if the rotor of a dynamo is 
shorted, it will rapidly come to a stop. Similarly a satellite 
can be made to stop spinning by shorting a coil of wire that 
has been wound on a permeable core (in this case a cylindrical 
rod). The voltage generated across the winding as the bar 
spins in the Earth’s magnetic field is given by 


x10 volts [27] 


As with the eddy current damping it can easily be shown 
that the voltage across the coil is given by 


v = —2rNA (B,,).f cos wt X 10% volts [28] 


where (B,,.), is the peak, value of the flux density averaged 
over the length of the coil. The power dissipated in the coil 
is 


AE, _. 
= 1- 2 
= 1213 


watts 


* 
[22] 


and if the coil has an impedance Z then 


= ergs/sec [30] 


The impedance of the coilisgivenby 
Z = we = VR? + [31] 


If in Eq. 30 we substitute the value of v from Eq. 28 (setting 
cos? wt = 1/2) and the value of Z from Eq. 31 we get 
AE, X 10° 
At R? + 4x 
where the negative sign is taken because the energy decreases 
with time. In Eq. 32 we also have gone to n bars, with 
separation coefficient o,. The symbol (B,,?), represents the 
average value in orbit of the square of the peak flux density 
for the flux linking the shorted coil. (B,,?). differs from 
(B,2), in that, for eddy currents we consider the flux 
density over the entire length of the rod, where for the 
shorted coil only the flux linking the coil need be considered. 
We shall now consider the damping that results from 
coils having R?> 47? f?L?; this is characteristic of coils 


x 10° 


ohms 


[32] 
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Fig. 8 Normal component of the Earth’s magnetic field and the 
hysteresis loop area as a function of time in an orbital period 
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having reasonably high resistance and spinning at a slow 


rate. We now define a shorted coil damping coefficient 
k, = A? ( B,2), X 107% erg-sec [33] 


and for this approximation, the rate of loss of kinetic energy 


is given by 
= —k,f? ergs/sec [34] 


To find the equation of spin rate as a function of time for 
shorted coil damping we follow the same procedure as for 
eddy current damping. We need only substitute k, for k, in 
Kq. 17 to obtain 


f = foexp 


and the torque is 


rps [36] 


Spin Removal by Combined Magnetic Damping 


For a particular satellite the combined effects of eddy 

current, hysteresis, and shorted coil damping may be em- 

_ ployed for removing spin energy. For a combination of 

_ these three methods of damping, the kinetic energy loss by 
the satellite per unit time is given by 


Equating the resulting torques gives 
‘ df ky, k, 
separating the variables and integrating yields 
= 
(ke + kof + 40 [39] 
Rig. 7 Spin rate as a function of time for combined magnetic — If as before we let f = fo when t = 0, we get the result 
ke + ke I) 
0 
[40] 
| ‘i ee The time required for f to go to zero is found by setting 
f =0inEg. (40). This yields 
INJECTION POINT: 50.60 S. Latitude 4 f (k + k ) 
0.4 Orbital Inclination = 67.5° ~ 1000 = k. re In E kp ] sec [41] 


A curve of spin rate as a function of time for combined 
magnetic damping (using arbitrary coefficients) is shown in 


Fig. 7. 


As previously stated, only the component of the Earth’s 
magnetic field along the rod’s longitudinal axis will have an 
effect in removing spin kinetic energy. Thus to be most 
effective, the rods must be mounted perpendicular to the 
satellite’s spin axis, since as the satellite traverses its orbit, 
only the component of the Earth’s magnetic field perpendicu- 
lar to the satellite’s spin axis will be effective. This normal 
component H, is equivalent to the peak magnetizing field 
H, given in Eq. 1. The value of H, as a function of time 
for the orbit of the TRANSIT 2A satellite is shown in Fig. 8. 
Also shown in Fig. 8 is the hysteresis loop area as a function 
of time in orbit. The value of g H dB is determined by 
integrating the curve of hysteresis loop area as a function of 
time in orbit. If we plotted (B,,?), and (B,,”), as a function 
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of time in orbit and then integrated, we obtain the values for 
(Bn?), and (B,*), respectively. These values plus the 
bar dimensions and geometry are sufficient information to 
calculate the magnetic damping coefficients, k., k, and k,. 
The shape of the curve of H, in orbit is strongly dependent 
on the attitude of the satellite at injection. Tilting of the 
spin axis more parallel to the equator increases the values 
of H,, and conversely, tilting of the spin axis toward the 
Earth’s spin axis reduces the values of H,. If the attitude 
of the satellite’s spin axis at injection is controlled to within 
+10° quite accurate values of H, as a function of time can 
be obtained. 


Although only spin damping theory has been discussed in 
detail, the same principles apply to the magnetic damping of 
oscillatory motions. 
An orbiting satellite containing a strong dipole moment 
M (viz., TRANSIT 2A) will align itself along the local direc- 


Damping of Oscillatory Motions 


Fig.9 Magnetic despin bars in the TRANSIT 1B satellite 


tion of the Earth’s magnetic field. If we wish to damp out - — 
oscillations when the satellite is initially displaced an angle MAGNETIC BARS 
4 from the local direction of the Earth’s magnetic field, then asad pai woos 
it can be shown (4) that the time required to damp down to a 1G al 
maximum displacement angle 6; is given approximately by dé 
f= 
t~ VIM Hy~*!? (cos 6; — cot 6) X 1074 sec \ 
= 
[42] \ | 
In this case the slow oscillations of the satellite about its e A 
equilibrium position cause the effect of eddy current and —— TRANSIT 1B 
UPPER PLANE LOWER PLANE 


shorted coil damping to be negligible in comparison to the 
effect of hysteresis damping. For the TRANSIT 3B satel- 
lite, an initial displacement of 90° would damp down to less 
than 3° in one day. 

Magnetic rods can also be used in damping oscillatory mo- 
tions for other types of attitude control systems. The 
manner in which the rods are used depends entirely on the 
type of attitude control system that is being considered for a 
particular satellite. 
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Experimental Results From the TRANSIT 1B and TRANSIT 28 


2A Satellites 
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Fig. 10 Mounting of magnetic despin bars in the TRANSIT 

satellites. Within each satellite the upper and lower planes of 

the magnetic despin bars were mounted parallel to each other 
with a separation distance of 10 in. 


Table 1 lists the pertinent details of the magnetic rods 
used in the TRANSIT 1B and 2A satellites. A photograph 
of the rods mounted on top of the TRANSIT 1B instrument 


tray is shown in Fig. 9. Fig. 10 shows the configuration of 
rods for the TRANSIT 1B and 2A satellites. When two 
rods are perpendicular the separation effect is not apparent. 


Table 1 Magnetic despin systems of the TRANSIT 1B 
and 2A satellites 


Item 
Number of bars 
Bar diameter 
Bar length 
Length to diameter ratio 
Weight per bar 
Bar material 
Magnetic properties 
(for Hm = 0.35 oersted ) 
Permeability 
Maximum flux density 
Coercive force 
Remanence 
Hysteresis loop area 


Bar resistivity 

Number of shorted turns 
Wire size 

Resistance of shorted coil 
Spin moment of inertia 


Transit 1B 


8 

0.25 in. 
ot 

124 

0.48 lb 
AEM 4750 
2710 


950 gauss 

0.035 oersted 

120 gauss 

120 gauss- 
oersted 

51.2 wohm-cm 

0 


9.62 slug-ft? 


Transit 2B 
8 
0.125 in. 
31 in. 
248 
0.12 lb 
AEM 4750 


7670 

2680 gauss 

0.074 oersted 

725 gauss 

576 gauss- 
oersted 


51.2 wohm-cm 


173 

no. 18 AWG 
0.055 ohm 
8.53 slug-ft? 
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For the separation distances shown in Fig. 10, the separation 
effect coefficient was greater than 0.95. 

In Fig. 11 is shown the measured spin rate of the TRANSIT 
1B satellite as a function of time. From this curve it can 
be seen that the satellite spin rate decreased linearly both 
before and immediately after the mechanical despin opera- 
tion. This agrees with theoretical calculations which pre- 
dicted that the dominant energy loss is due to hysteresis 
damping. The mechanical despin operation consisted of de- 
ploying two weights attached by cables around the satellite’s 
equator. After seven days the weights were released, and 
thus removed a majority of the satellite spin energy. As the 
satellite spin rate decreased below 0.02 rps the permanent 
magnet installed in the satellite caused the spin axis of the 
satellite to align itself parallel to the Earth’s magnetic field. 
As a result the rate of spin energy removal was decreased. 
The last measurement of spin rate (approximately 13 days 
after launching) showed that the satellite was spinning at 
0.004 rps. The eventual spin rate of the satellite will be 
two revolutions per orbital period (0.00036 rps) which is 
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- due to the tumbling action caused by the strong permanent 
magnet (3). 
‘The despin curve of the TRANSIT 2A satellite is shown 
ae Fig. 12. As with the case of TRANSIT 1B the predomi- 
nant mechanism for energy dissipation was the hysteresis 
- damping, since the mechanical despin weights on this satellite 
failed to deploy. However, the actuation of devices internal 
to the satellite at the time when the weights should have de- 
ployed apparently caused a change in the satellite’s attitude. 
oe the change in the slope of the despin curve after the 
mechanic al despin timer operated. The changing of the 
slope at low angular rates is undoubtedly a result of the inter- 
action of the satellite’s strong permanent magnet with the 
_ Earth’s magnetic field. Because a considerably weaker 
magnet was employed on the 2A satellite, this effect of de- 
creasing slope at low angular rates was not as great with the 
1B satellite. The last measurement of spin rate was made 
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ig. 11 Spin rate as a function of time for the TRANSIT 1B 
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Fig. 12 Spin rate as a function of time for the TRANSIT 2A 
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26.5 days after the launching. At that time no detectable 
spin was observed during a 10-min observation. This means 
that, at that time, the spin rate must have been considerably 
below 0.00167 rps. 

The telemeter records also indicated that the satellite was 
aligned along the direction of the Earth’s magnetic field 
with no detectable oscillations about that direction, = 

aw 
Conclusions a & 

Magnetic materials can be utilized to damp the spinning 
and oscillatory motions of an Earth satellite. The amount 
of damping obtainable is strongly dependent on the geometry 
of the magnetic materials. The spin of the TRANSIT 1B 
and 2A satellites was stopped by magnetic damping; there 
was no detectable oscillatory motion. 

The fact that spinning magnetic rods will cause a torque 
to act upon a satellite can also be used to actively control 
the satellite’s orientation in orbit. That is, if we spin mag- 
netic rods inside the satellite, we can create torques that 
could be used for controlling attitude. This interesting 
possibility warrants further investigation. 
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Nomenclature 
A = cross-sectional area of a rod, sq cm —— 
B = flux density, gauss 


Bm _ = peak flux density averaged along length of rod, 
gauss 

D = rod diameter, cm 

f = spin rate, rps 7 

fo 7 = initial spin rate of the satellite, rps : 

H - = magnetic field intensity, oersted 

Hy _ = Earth’s (local) magnetic field intensity, oersted 

i = RMScurrent in the shorted coil, amp 

I - = satellite spin moment of inertia, gm-cm? 

I, cs _ = satellite moment of inertia about the axis of 
oscillation, gm-cm? 

ke = eddy current damping coefficient, erg-sec 

kn = hysteresis damping coefficient, ergs - 

ks v = shorted coil damping coefficient, erg-sec a 

L _ = length of the permeable rod, cm : 

rE, = inductance of the shorted coil, henries 

M = magnetic dipole moment of the satellite, pole- 


cm 

magnetic dipole moment of the Earth, pole-cm 

number of bars 

number of turns 

radius of a cylindrical element in the rod, cm 

resistance, ohms 

time, sec 

time required for satellite to stop spinning, sec 

period of revolution of a spinning rod, sec 

torque acting on satellite due to eddy currents, 
dyne-cm 

torque acting on satellite due to hysteresis loss, 
dyne-cm 

torque acting on satellite due to the shorted 
coil dyne-cm 

= rms voltage induced from changing flux, volts 


v 
V = volume of a permeable rod, cu cm 
p = resistivity of the rod, ohm-cm 
oe = separation effect coefficient for eddy current 
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oh = separation effect coefficient for hysteresis damp- 

ing 

os = separation effect coefficient for shorted coil 
damping 

6 = initial angular displacement of the satellite 

7 dipole axis from the direction of the Earth’s 
magnetic field, deg 
Of = final angular displacement of the satellite dipole 
7: axis from the direction of the Earth’s mag- 
7 netic field 

9 = flux encircled by a closed path, Maxwells 

0) = angular spin rate, radians/sec 

= = rate of total energy loss, ergs/sec 

AE, 

At = rate of energy loss (averaged over a complete 
revolution of the rod) due to eddy current, 
ergs/sec 

AE) 

wre = rate of energy loss (averaged over a complete 


revolution of the rod) due to hysteresis damp- 
ing, sec 


HE THREE-DIMENSIONAL transfer between an 
initial and a final closed orbit about one spherical celestial 
body has been discussed and formulated in (1),* and the 
corresponding energy relations have been presented in (2). 


Presented at the ARS 15th Annual Meeting, Washington, 
D. C., Dec. 5-8, 1960. 
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~ Hodograph Analysis of the Orbital 
Transfer Problem for Coplanar 


The orbital transfer between two arbitrarily selected points on an initial and a final orbit is 


rate of energy loss (averaged over a complete 

revolution of the rod) due to the shorted 

4 coil, ergs/sec 

Vie = average over an orbital period of the square of 

a the peak flux density causing eddy currents, 
gauss? 

(Bm?)s «= _average over an orbital period of the square of 
the peak flux density linking the shorted 
coil, gauss? 

(§ HdB) = average over an orbital period of the hysteresis 

loop area, gauss-oersted 
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analyzed by use of hodographs. The transfer analysis is applicable to all coplanar elliptical orbits, 
with either coincident or noncoincident apsidal lines, that result from the central force field of one 
spherical celestial body. An orbit is represented by a hodograph of radial velocity vs. normal ve- 
locity components. The geometric conditions for a transfer orbit hodograph are defined by three 
orbital parameters. However, the orbit is determined by one independent and two dependent vari- 
ables. The hodograph analysis provides several forms of graphical construction and the equations 
for the resultant transfer orbit solutions. The solutions provide complete transfer orbit charac- 
teristics directly and uniquely. These characteristics include the flight path angles between ve- 
locity vectors at the transfer points and the required velocity increments. 


In general, it is convenient and desirable to express the ballistic 
trajectory about the celestial body in terms of orbital param- 
eters. The complete transfer problem has been shown to be 
presentable as a combination of orbital plane reorientation 
and orbital plane reshaping with epoch selection. If the 
orbital planes need not be reorientated (i.e., the incidence 
angles and the lines of nodes are equal), then the transfer 
problem can be solved in the plane of the initial and final or- 
bits. This paper presents a graphical technique for coplanar 
transfer by a transfer orbit developed by use of the hodograph 
parameters (1) that describe the geometric figure of the 
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Fig. 1 Geometry of the orbital transfer problem 


In general, the transfer will be between an initial orbit A 
and a final orbit B, as shown in Fig. 1. When the orbital 
vehicle reaches point 1 in its orbit, an instantaneous change 
of the velocity vector is assumed, which places the vehicle 
in its transfer orbit T. Since this change results from a 
propulsive thrust applied to the vehicle structure for a finite 
interval of time, the velocity change cannot be instantaneous 
in reality, but this idealization can be considered valid as a 
first-order approximation to the physically realizable system. 
When the orbital vehicle arrives at point 2 or 3, a second 
velocity change will be made so that the vehicle trajectory 
will be described by the final orbit B. 

An elliptical orbit is described here by a pair of hodograph 
parameters instead of conic parameters. Consequently, 
the orbital velocity is presented graphically so that transfer 
by instantaneous velocity changes can be simply developed 
by graphical construction. Also, analytic relations for 
various transfer characteristics of interest can be defined from 


the transfer geometry. iti i 


Development of the Transfer Hodograph 


As shown in Fig. 2, the position of the center of mass of 
the orbital vehicle relative to the center of the attracting 
celestial sphere is defined by the position vector 7. This 
position vector 7 can also be described by a directed line ® 
and a scalar distance r along the line. The directed line ® is 
defined by the angle between the radial line and a reference 
line in space through the center of the celestial sphere. 

Two geometric conditions must be fulfilled for transfer from 
one orbit to a second orbit at a given point. ——— 


Fee. = Fae 


Dre = [4] 


where the subscripts define the quantities in terms of the 
orbital parameters for the respective orbits (Fig. 1). 

An orbit can be uniquely defined by the radial and normal 

velocity components, as developed in (1) and shown sche- 
matically in Fig. 3. The analytical transformations between 
the elliptical orbit in space and its hodograph are listed in Table 
1. Note that the hodograph shown in Fig. 3 presents the true 
magnitude of the velocity vector, although the direction of 
this scalar magnitude is not that of the velocity vector, i.e., 
it is displaced from the ordinate axis by the flight path angle 
6 = 6. However, for ease of graphical construction, the 
vector direction on a hodograph should be related to that 
in space. Consequently, further study of the hodograph 
relations results in the development described below. 
- Since hodograph vector direction in space should be estab- 
lished, it is quite reasonable to first define the relations be- 
tween rectilinear and polar velocity coordinates. The follow- 
ing relations are obtained on consideration of Fig. 4: 
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os Orbit in Space 


Perigee 


Orbit Hodograph 
Fig. 3 Planar orbit and its hodograph 


Up SIN ¢ — U, COS Y [16] 


ll 


= vecosg + vu, sing }17] 
= C+ Reos¢ 
v, = FR sin 
z=Csing [16a] 
y=R+Ccos¢ [17a] 


Consequently, the modified hodograph which retains velocity 
vector direction in space will appear as shown in Fig. 5. This 
modified hodograph can be identified as an alternative form 
of the classical hodograph (3) developed by Hamilton. The 


equation for this classical hodograph is ae, 
[18] 
Jo) Pp 
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Table 1 Hodograph transformations for the elliptical 
orbit 
[5] 
e 
vp = Rsin [7] 
ty = C+ Roose [8] 
v? = C? + R? + 2CR cos ¢ [9] 


E = 


where 

z = linear velocity component of the vehicle along a 
rectilinear axis parallel to the apsidal line of the 
orbit 

y = linear velocity component of the vehicle along a 
rectilinear axis normal to the apsidal line of the 
orbit 

k? = gravitational constant 

p = semilatus rectum of the elliptical figure of the orbit 

e = eccentricity of the elliptical figure of the orbit 


rhis equation defines a circle of radius V k?/p with its center 
displaced by ke/V p parallel to the y-axis. 
However 


> 
p = a(l — = 


Consequently, the classical hodograph is identical with the 


modified hodograph represented by 
(y — R)? = C2 


Referring to Fig. 5, we see that the hodograph point corre- 
sponding to the orbital point in space leads the orbital point 
by 90°, as expected. It is apparent that the hodograph 
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Fig. 4 Polar and rectilinear velocity coordinates for the planar 


orbit 
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*Perigee 


Fig. 5 Orbital hodograph in rectilinear coordinates 


presentation (Fig. 3) of v, as an ordinate axis provides the 
proper directional relation between R and vy, except that 
R would appear to rotate in the opposite sense to the rota- 
tion of the vehicle in actual orbit. ‘ 


| 
oA! Ss - |= 
—|- - —— - —- x 
m 
q 
J 
wid 
; 
‘ 
x 
[14] 
a(l — ¢?) = ra [15] 
Vy 
| 
CF aposee 
| 
A 
| 
¥ 
Y 
z 
= ( R 
p 


r 


Fig. 6 Modified hodograph retaining spatial direction of the 
velocity vector 


Orbit Hodographs 


_ Fig.8 Hodograph construction for two orbits with noncoincident 
apsidal lines 


Fig. 7 Modified hodographs for two orbits with coincident Fig. 9 Final hodograph representation for two orbits with 
apsidal lines noncoincident apsidal lines 
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~ On considering Eqs. 1 and 10 of Table 1, we see that 


Consequently, it is desirable that the Cv, product be presented 
graphically, but maintain the given direction of the velocity 
vector. Since 

Co, 


tan = Co, = [21] 


these requirements are fulfilled by the set of equations 


Cv, = CR sin [22] 
Co, = C2? + CR cos ¢ [23] 


Eqs. 22 and 28 are satisfied by a circle of radius CR with its 
center displaced along the v,-axis by C?, as shown in Fig. 6. 
Now the intersection of an initial orbit A with a transfer 
orbit T at a point 1 is provided by use of a C4Rz, circle and 
C,7Rr circle, so that Eqs. 1 and 2 are satisfied. These equa- 
tions are satisfied by the construction shown in Fig. 7 for 
initial and transfer orbits with coinciding apsidal lines. 
Since 


g=b-V 
and 
WV, = 
Ga = 


we see that ®4; is parallel to ®7; as required. Note that a 
given Cv, line will provide two intersection points, but, in 
general, only one will meet the ®4, = ®7; condition. In any 
case, selection of a given transfer point defines the required 
point on the Cv, line uniquely. 

Now consider the case in which the apsidal] lines of the 
initial and final orbits differ in angular position in space by 
a = Wr — Wy, as shown in Fig. 8. Intersection of these 
orbits is also shown in Fig. 8 by use of C4R,4 and C7Rz circles 
with v,-axes oriented to the apsidal line directions in space. 
The apsidal lines have relative orientation a = Vr — W,4 as 
shown for the orbits in space. The ® lines must be parallel, 
while the Cv, scalar measured from the hodograph origin must 
be the same for both hodographs. This graphical construc- 
tion may be further simplified by rotating the v,4-axis about 
the origin until it coincides with the v,7-axis, as shown in 
Fig. 9. Now the respective Cv, lines coincide, while the ® 
lines intersect at an angle equal to a. 

A complete graphical construction by use of modified 
hodographs for the initial, transfer and final orbits is shown 
in Fig. 10. 

While the values of R7, Cr and Wr may be selected arbi- 
trarily within the region of required values for solution, the 
@ line intersections must provide 


atn=WVp-— Wa [25] 
That is, if a is arbitrarily selected, then 7 is defined as 
n = (Ve — Va) —@ [26] 


At a given transfer point, once the respective Cv, terms be- 
fore and after transfer have been obtained as described above, 
the velocities are obtained by dividing by the relevant C 
value, as shown in Fig. 11. Now the angle between the v line 
and the v,-axis is the flight path angle between the local hori- 
zon at the transfer point and the velocity vector, as listed in 
Table 1. But since the transfer point and, consequently, 
the local horizon are the same for both velocity vectors, the 
va; and vr are presented on the hodograph with the correct 
relative orientations so that the total velocity change Av, is 
obtained directly from the hodograph. 
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Fig. 10 Hodograph representation of the complete point to point 
transfer problem 
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Transfer Trajectories of Interest 


For a proposed system or mission objectives, various trans- 
fer conditions may be imposed on a transfer orbit. The 
remainder of this paper describes possible trajectory design 
applications of the hodograph, and presents the analytic func- 
tions defining the most significant transfer conditions for 


and final orbits. In this case, the position and velocity co- 
ordinates of the initial and final points of transfer are speci- 
fied as boundary conditions. Such arbitrary selection of the 
end points of transfer may result from mission requirements, 
or guidance design criteria. Also, the analytic relations 
for this point to point transfer between coplanar orbits can 
enable optimalization of the transfer orbit, such as for mini- 


mum fuel consumption of transfer. 

Transfer with a flight path angle arbitrarily specified at 
a given transfer point will provide a given difference between 
initial and final velocity vectors. For example, tangential 
transfer at a point of intersection between orbits is a special 
case of an arbitrary flight path angle in which the initial and 
terminal velocity vectors have the same direction at a given 
point of coincidence of two orbits. Certain missions, such as 


present and future trajectory applications. The following 
transfer cases are presented: 


1 Point to point transfer. 
2 Arbitrary flight path angle at transfer. 
3 Hohmann transfer. 


Point to point transfer provides departure from and termi- 
nation at arbitrarily selected points in space on the initial 


= 


2 ( 2 2 
vy” = + Ca an* 


Avr = + |Avz| 

1 
7? sin? 

A 1 
sin? 


Av;? [a(Ca — Cr)? + (b,C 7? + aCr + 


[ax(Ce — Cr)* + (b:Cr* + + 


o = (yp — + (Wea — Va) = (48 — G4) + (2 + 0) 


a, = vai sin? a [34] 
b, = Ca(1 — cos [35] 
= (Ca? — va?) tan sin [36] 
= @ 
d, = Ca(ver? cos — [37] 
be = Cp(cos o — 1) [39] 
Co = (Cg? — v2) tan sin o [40] 
= 
f 
va? = (Cog) = [42) 
ad 
ta? = (Cog = [43] 
2 
nt = 1 = Cr? Veo? 
= A a = are tan E “(cos | [44] 
or: = + n= are tan | 
Cr? 2— 
COS cos 
4 
Ve? — [46a] 
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on the orbital crossing angles. In this case, primary concern 
for the orbital crossing angles would dictate selection of V7 
on this basis, with secondary concern for selection of C7 and 
Rr. Finally, achievement of transfer with minimum total — 7 
velocity change is a most obvious objective for design pur- 
poses. Although the conditions that must be imposed on_ 
the transfer parameters to obtain this optimalization are not. 
immediately obvious until further analysis is completed, 
the geometric construction and the resulting analytic rela- 
tions indicate promising results from further analysis. 

The procedures for graphical construction of the transfer_ 
orbit hodograph are presented in (4). Three alternative 
procedures have been developed, each for arbitrary selection | 


ad 


Hotima Transfer between Circular Orbits 
of Vz, or CrRr respectively. Since solutions can 
obtained by geometric construction, analytic relations for 


solutions must necessarily exist. Although many alter-_ 
native forms of equations for solution are available, the rela- _ 
tions listed in Table 2‘are considered most suitable for analy- 
sis. Those terms which are not defined in the table are ve 
; identified in Fig. 10. Three variables are used: Wy 7, Cr 
and Rr. In these equations, C7 is the independent variable; 7 
thus the required velocity increments are functions of the | 
given constants and Cy only, as shown in Table 2. The © 
variables Wr and Rr are dependent only, as shown in Eqs. © 
44, 45 and 46. Eqs. 32 and 33 for the required velocity incre- _ 
ments are dependent on V7 and Rp implicitly. 


Fig. 12 Hohman 


=> 


4 


rendezvous of a ferry vehicle with a target satellite, may re- [s ; th 


quire the tangential relation for orbital transfer in order to a «0. : 
obtain desirable initial conditions for the terminal phase of the > en aw: 7 ae 
rendezvous. 
Hohmann transfer is provided by a transfer orbit with ~ 
initial and final transfer points providing tangential contact 4 a ‘ 
with the initial and final orbits respectively. If both the 
initial and final orbits are circular, Hohmann transfer is 7 I 2 \ 
always possible. If the initial and final orbits are elliptic, L \ T j 
the apsidal lines must coincide so that the initial transfer \ j 
point occurs at one apsidal point on the initial orbit and the SM Ps : 
final transfer point occurs at the opposing apsidal point on 7 - 
the final orbit. Hohmann transfer may be desirable (as- B oo 
suming it is physically realizable with a given orbital vehicle . 
system) if minimal fuel consumption is a critical design factor. : 
res 
=¥ 


A 


However, other mission and design considerations may be- 
come dominant in the transfer problem, so that a flight ‘path 
angle change other than zero (i.e., tangential transfer) may - 
be required. 


Hodograpi for Hohmann Transfer between Circular Orbits 


Point to Point Transfer _ 


In this case, an initial and a final obs are given, and the 
point of departure from the initial orbit and point of arrival 
at the final orbit are arbitrarily specified. The transfer orbit 
is defined by three parameters: C7, Rr and Vr. A transfer 
orbit may be obtained by assigning an acceptable value to 
one of these parameters, i.e., considering that parameter 
as an independent variable. Then the other two parameters 
are dependent variables with unique values that must lie 
within the realizable regions of solution defined by the condi- 
tions of dependency. In general, three bases for selection of 
a transfer orbit appear possible: 


- circle 


1 To control the transfer time. 

2 To control the crossing angles of the orbits at the trans- 
fer points. 

3 To control the total velocity change required to achieve 


transfer. 

As noted in Table 1, the mean orbital velocity n is a function 

of C and R. Consequently, primary concern for transfer ve bas 
time would dictate selection of Cr and Rr on this basis, with 

secondary concern for selection of Wr. On the other hand, Hodograph for Hohmann Transfer between Elliptical Orbits 
variation of Yr would appear to exert the greatest influence Fig. 13 Hodographs for Hohmann transfer 
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Arbitrary Flight Path Angle at Transfer ; 


In this case, an initial and a final orbit are given, and the 
change in the increment of the flight path angle at a transfer 
point is arbitrarily specified. This trajectory design re- 
quirement may be necessary due to subsystem limitations of 
vehicle attitude control for direction of either the propulsion 
thrust, or of the guidance system field of view. Then the 
direction of the velocity vector at one of the end points of 
the transfer orbit is defined, and the transfer orbit is thereby 
determined. 

The procedure for graphical construction of the transfer 
orbit hodograph is fully presented in (4). The general ana- 
lytic relations developed for point to point transfer are valid 
for arbitrary flight path angles. However, for the special 
case of tangential transfer at a point, the following simpler 
forms can be used 


Av; = [vex4 + (01? — C4”)? tan? [47] 
7 Cr — 4 2)2 2 1/2 

Av. = * [vet + (Ca? — tan? gp] [48] 


Eq. 47 represents the velocity increment required for tangen- 
tial transfer at point 1, whereas Eq. 48 applies to tangential 
transfer at point 2. 


Hohmann Transfer 


Hohmann transfer between circular or elliptical orbits is 
defined by departure from the initial orbit at a point on a 
line with, but in phase opposition to, the arrival point on the 
final orbit, as shown in Fig. 12. Hohmann transfer between 
elliptical orbits is only possible when the apsidal lines coincide. 

The hodographs for Hohmann transfer are shown in 
Fig. 13. Note that two Hohmann ellipses are possible for 
transfer between elliptical orbits. The transfer hodograph 


is tangent to the initial and final orbit hodographs, with 
circle radius and center defined by the geometry. 

Although the general analytic relations developed for point 
to point transfer are valid for the Hohmann transfer, the 
simpler forms of equations shown in Table 3 appear more 
useful. 


Table 3 Analytic relations for Hohmann transfer 
Cr? = 0.5 [(Ca? + CaRa) + (Cs? — CaRz)] [49] 
CrRr = 0.5 [(Ca? + CaRa) — (Cz? — [50] 
Avr = + |Ave | d 
= (Ca+ Ra) 1) [51] 
r 
2 B B 
or 
Cr” = 0.5[(Ca? — CaRa) + (Ce? + CaRe)) [53] 
Cr'Rr' = 0.5[(Ca? — CaRa) — (Cpa? + [54] 
Avy’ |Av,’ | + | Ave’ | 
= (Ca = [55] 
Ce\ 


Summary and Conclusions 


A geometric method for determining a required transfer 
orbit is developed by use of a modified hodograph. The 
initial and final elliptical orbit figures that lie in one plane 
are given, and the transfer orbit parameters and velocities at 
the transfer points can be obtained so that various desired 
transfer conditions are fulfilied. The solutions will consist 
of the following data: 


1 The transfer orbit parameters C7, Rr, Vr. 

2 The transfer orbit anomalies at the transfer points. 

3 All velocity vectors at the transfer points, referred to the 
local horizon. 

4 As a consequence of 3, the required relative velocity 
vectors for transfer at the points of orbital intersection. 

5 Although not discussed in this paper, the time for 
transit between the initial and final points may be obtained 
by the integration procedure indicated in (2). 


The analytic relations for the geometric solution are 
tabulated for use in obtaining added accuracy of solution and 
subsequent optimalization. Realizable solutions for any 
point to point transfer problem in which a is specified, either 
explicitly or implicitly, exist only when the angle gr2 — gr is 
equal to oc. 

The developments of this paper are concerned principally 
with point to point transfer. If these points are not selected 
a priori, then those transfer orbits providing minimum ve- 
locity change or minimum time for transfer between two 
orbital figures may be desired. The equations derived in 
this paper can be used in subsequent optimalization of the 
required velocity change. However, the geometric construc- 
tion does not provide time solutions for possible optimaliza- 
tion of the required transfer time. Although variation of the 
transfer time as a function of the transfer orbit parameters 
C7, Rr and the anomalies at the transfer points may be ob- 
tained separately in parametric form, analytic relations 
suitable for time optimalization are not yet available. 

Finally, it is suggested that the geometric analysis of orbital 
plane reorientation may be accomplished with comparable 
ease. Then complete three-dimensional transfer by use of a 
transfer orbit would be directly solvable for complete space 
orbit shaping. 


Nomenclature 


semi-major axis of the ellipse, ¢ = BF 


C = velocity parameter of the orbit, ¢¢-! 

e = eccentricity of the ellipse 

E = total potential and kinetic energy of the orbital body, 

k? = acceleration of the orbiting body at unit distance from the 
attracting body = um, ft-? 

n = mean angular velocity of the body in orbit,¢~! 

m = mass of the orbital body, m 

p = semilatus rectum of the ellipse, ¢ 

r = radial distance between the ee il centers of the 
orbital and celestial bodies, ¢ 

R = velocity parameter of the orbit, f¢-} 

v = linear velocity, ft-} 

Av = magnitude of the vector difference between two linear 
velocities, 

z = component of the total velocity vector, resolved along 
apsidal line 

y = component of the total velocity vector, resolved along an 
axis normal to the apsidal line 

a = angular difference between the apsidal lines of the initial 
orbit and the transfer orbit at perigee, with sense estab- 
lished by that order 

8 = angle between the hodograph vy-axis and the hodograph 
total velocity 

y = angle between the hodograph v,-axis and the hodograph 
radius R to the orbital body on the hodograph 

» = angular difference between the apsidal lines of the transfer 
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orbit and the final orbit at perigee, with sense estab- 
lished by that order 


9 = angle between the total velocity vector and the local 
horizon in the orbital plane 
A@ = angular difference between two total velocity vectors at a 


transfer point in space 
= gravitational constant for the given body, 
angular difference between the transfer orbit phases for 


eccentricity. 
sis. 


ment with the analysis. 


N THE past few months, intensified interest in artificial 
Earth satellites has resulted in considerable papers in the 
technical literature that are concerned with certain aspects 
of satellite motion. Generally speaking, these papers fall into 
two categories. One type provides approximate analytic solu- 
tions, but places fairly severe restrictions on either the ec- 
centricity, or the inclination angle, or both. This class is 
exemplified by the work of Blitzer (1,2,3),3 Weisfield (1), and 


~ Presented at the ARS Semi-Annual Meeting, Los Angeles, 
Calif., May 9-12, 1960. 


1 Manager, Space Flight Lab. Member ARS. 

2 Assistant Research Scientist, Astrodynamics Section. 
ber ARS. 

* Numbers in parentheses indicate References at end of 


Mem- 


paper. 
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=> 
the two transfer points 
¢ = true anomaly of the body in orbit 
® = radial line between centers of the orbital and celestial 
bodies 
Ww = apsidal line of the orbit at perigee eal 
a = apogee 
A = initial orbit 
B = final orbit 


Planar Motions About an 
Oblate Planet 


Two cases of plane motion (equatorial and polar) of a vehicle about an oblate planet are discussed. 
of Further, the results of these drag free plane motion studies may be applied to the determination of 
radial position, speed, and angular momentum for a motion whose initial velocity vector is inclined 
at an arbitrary angle to the equatorial plane. 
the solution of the system of nonlinear differential equations of the path in powers of the oblateness 
parameter J. Although only the first power is retained in this solution, no restriction is placed on 
Thus, for example, the results for an eccentricity of 0.5 may be found from the analy- 
In fact, results for speeds in excess of escape speed (e.g., e = 1.1) may be found. 
with results obtained by numerically integrating the equations of motion indicates excellent agree- 


= perigee 
= radial 
transfer orbit 
= point of transfer from the initial orbit to the transfer orbit — 
= point of transfer from the transfer orbit to the final orbit | 
= normal 
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Approximate analytic results are found by expanding 7 

Comparison 


Wheelon (1,2); Brouwer (4); Hall and Gawlowicz (5); Moul- 
ton (6); Orlov (7); and Roberson (8). The other type of © 
paper treats the problem numerically, and involves the use | 
of high speed computers. Typical of this type are the works 
of Fosdick and Hewitt (9), who numerically integrated the 
equations of motion to obtain the coordinates; and Nielsen, 
Goodwin, and Mersman (10), who integrated the variational 
equations to obtain the elements. 

This paper presents the results of analytic investigation 
of the motion of a particle that is acted upon solely by the 
gravitational attraction of a spheroid. The two possible 
plane motions (equatorial and polar) are studied, with the 
particle initially at an apse (horizontal velocity vector). No 
restrictions are placed on the eccentricity. 
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Notations used in the analysis 


Fig. 1 


The analysis is conducted in iene of polar sili 
the notations used are shown in Fig. 1, where the z-axis repre- 
sents the axis of rotational symmetry. The potential function 
for an oblate planet is given by Jeffreys (11) as 


3 
v= "1 (2) +s + 
R r 
5 
D (35 6 — 30 sin? @ + 3) ()"] (1] 
35 r 


where J and D are dimensionless constants, which are 
empirically determined. For Earth, they are given approxi- 
mately by J = 1.638 X 10-%and D = 1.06 X 10>. 

The following analysis yields an approximate solution to 
the equations of the particle path. The method utilizes power 
series expansions in terms of the small parameter J and 
neglects terms of the order J? and above. Consistent with this 
order of approximation is the omission of the influence of D 
in the potential, as well as the pear shaped term of O’Keefe, 
et al. (12). Hence, the equations of motion become 


2 
r — — r = (i— 3 sin* 6) | 
[2a] 


2 


+ rg’ sin 6 cos = — sin 26 [2b] 


r 


Solutions are determined for two special cases: the equa- 
torial plane, and the polar plane. In these ¢ cases the equations 
of motion become rey 

Motion in Equatorial Plane 
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ro = 


r—rg’* = 


Motion in Polar Plane 


a R? 


d 
y (1 ) | [4b] 


Following are an illustration of the method of solution, gen- 
eral results of the analysis, and detailed discussions of the 
_ polar and equatorial plane cases. The final discussion in- 
dicates how radial position, speed, and angular momentum of 
a particle in an orbit inclined arbitrarily to the equatorial 
plane may be determined by superposition of the solutions 
for the two plane cases. 


Ali 
sin 20 [4a] 


Method of Solution and General ale? Pen 


The method of solution is illustrated by applying it to the 
determination of the particle path in the polar plane. Al- 
though results for a launch at an arbitrary latitude are pre- 
sented in this paper, the method of solution is illustrated for 
launch from the equatorial plane. The equatorial plane may 
be treated in the same way, and is essentially a simpler case 
_ than the polar one since the angular momentum is conserved. 
_ Specifically, the radial position r, the speed V, and the 
angular momentum P are determined as functions of the cen- 
tral space angle. The governing differential equations are 
Eqs. 4a and b; the initial conditions are, at t = 0 


To [5a] 


[5c] 


which imply that the particle is initially moving horizontally 
in the polar plane from a launch in the equatorial plane. 

The equations of the path are determined by eliminating 
the time and using the substitutions 


4 


in Eqs. 4a and b. The nonlinear first-order system of dif- 
ferential rice below results 


0=! 
+ J(Ru)*(1 — 3sin? 6)] [7a] 
dP 
= P 2u JR*u sin 6 cos 6 [7b] 


The method of approximate solution of these equations, 
essentially due to Lindstedt (13), is to expand the unknowns 
u, v, and P into power series in the parameter J. In addition, 
secular terms in the solution may be eliminated by a simple 
change of independent variable. Thus, in Eqs. 7a, b and c 
the following substitutions are made 
= u(t) + Ju(t) + 
vo(~) + +... 
Po(é) + JPi(é) +... 
é1+JA+...] 
where 4; is a constant to be determined later. 
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After this 


> 
1 [6a] 
a 4 b 
| 
“ 
0 du Ive] 
=> 
dé 
[2c] 
| 
; 
[3a] 
[3b] 
q 


substitution, Eqs. 7a, b and c become three power series in J 
which vanish identically. Thus, the coefficients of each 
power of J in each series must be zero. Since, in this study, 
terms of second order and higher in J are neglected, the re- 
maining terms in the identities lead to the following six equa- 
tions, where the prime notation indicates differentiation with 


respect to & 
+ 


[9a] 
0 = w! — [9b] 
= Polvo’ + wo) + Po'vo — [9c] 
0 
0 = Pers + sin 2é [9d] 
0 = um’ — — 6, [9e ] 


Po(v1' + uw + + + uo) + Po'v; 


4 P,'vo = | - + 0; + — 3sin? | [9f] 
Po Po 


These equations may be solved successively. Since the initial 
conditions must be satisfied identically for all values of J, they 
may be expressed, at § = 0as 


u = 1/1 [10a] and 

Po = = ¢ Vuro (10b] [18] 

=e =.= = 0 [10¢] 
With A(é) = 0, the solution of Eq. 15, subject to the initial 
conditions (wu; = uw’ = 0 for = 0), is 
= (*) + 3 8 + (- 378 n+ 3 cos — (; 6 ) cos — 54 708 3& — a4 7 cos [19] 


u= reo (*) +32 + ( 
Integrating Eqs. 9a through 9f subject to Eqs. 10a through c 
yields 
Po = ToVo [11] 
= (1/rec?)[1 + 7 cos [12] 
= 
= (*) + 3 1) cos — 


Thus, to first order in J, the angular momentum per unit mass 
may be expressed as 


ré=P=P,4+ JP, 


{ J 


> 


3 n)- 9 cos 


7 cos 3e [14] 


= toVo 


cos 
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where 
= _ J (RY 


By eliminating the v terms and using the functions w, Po, 
and P;, the equation for uw, may be written as follows 


uw” + = A(E) + [15] 
where 
= 1 /R\2 
= "| 20, +- (*) Jeose [16a] 
roc c4 
l 4 a 
nt) + 
(1 + 7?) 


[16b] 


cos 4 n cos + n? cos 


and the constant 4, is still open to choice. 

The particular solutions that arise from B(£) are periodic 
in € In order to assure that for all values of 7 no secular 
terms occur in the solution, the quantity 6, is chosen so that 
= 0. 

Thus 


[17] 


9 1 

cos 2§ — cos 3& — 2 cos [21] 
6 = 


The speed of the satellite may be found from the expression 


( 


The result of this expression, and other results pertinent to a 
particle path in the polar plane, launched from the equatorial 
plane are shown in Table 1. For a launch at an arbitrary lati- 
tude, the initial conditions are the same as those given in 
Kqs. 5a through 5d except that 6 = 4. The results for this 
case are presented in Table 2. 

Although the results found in this way are approximate in 
that terms of the order of J? and above have been neglected, 
no restriction has been placed on 7, the analog of eccentricity. 
Thus, solutions have been determined that are valid not only 
for nearly circular paths, but also for highly eccentric paths, 
including escape paths. 

Since for nonescape paths the functions r, P, and V have 
the period 27 in the variable &, Eq. 20 indicates that they 
have the period 2x[1 — (J/2c*)(R/ro)?] in the space angle 0. 
Therefore, r, P, and V go through an entire period before the 


| 
— 
R\? 
To 
D7 


Table 1 Summary of polar plane results (launched from equatorial plane) 


l+ncost 24 (1 + »)[1 + 7 cos 
1 + a? + cos J M(é) 
= - 24 
P = roVo \1 (2) [3 + — 3n cos — — 3 cos 2§ — 7 cos [25] 
6c! \ 
= (12 + 32m — + (—8 — 27m + 8n?) cos — 4(1 + n?) cos — 5y cos — Cos [26] 
= — — 4°) + — 21y + 8n? + cos + 16(1 + 7?) cos + 
+ 7n*) cos + 16n? cos 4¢ + cos 5¢ [27] 
2c To 


= 
2 


where 


L,(é) 


M\(é) 


P = \1 + — [—(3 + cos 2 + 3y cos 2% cos (E — — sin 2% sin — &) + 


Table 2 Summary of polar plane results (launched from arbitrary latitude) oan _ 
T+ —&) 24 \ro) (+ + 1008 — 
J (R\ Mit) 
1 24.9 s(t— 1/2 = 
R 


6c4 


= > 

= — 6? + (24 + 32n + 3n?) cos re (12 + 4n? + 20 + 4n?) cos 

(8 + 15 + 16n?) sin 2& sin (€ — f) + [2n? — (4 + 6n?) cos 2&] cos 2( — &) + (4 + 6n?) sin 2% sin 2(~ — fo) — 
5n cos 2 cos 3(E — + 5y sin 2& sin 3(E — &) — cos 2& cos — &) + n? sin sin 4(E — £)} 


= {[—24 + 24m + + (24 — — 48n? — cos 2%] + [24 — 24n + 8n? — + 
(— 40 — + + 12n*) cos 2g] cos (E — — (16 + + 32n? + sin 2% sin — + [—8n? 


+ (16 + 24n?) cos 2%] cos 2(& — &) — (16 + 24n?) sin 2% sin 2( — &) + [—2n? + (26n + 9n*) cos 2] cos 3(E — &) — 


(26n + sin 2& sin — + 16m? cos 2% cos — &) — 16n? sin sin 4(— — + 
cos 2& cos — &) — sin 2é sin — £)} 


0 


[32] 


[33] 


[34] 


Table 3 Summary of equatorial plane results 
=n l+n -7 (2) [6(1 — cos + — [35] 
1+ neosé 6 \r (1 + n)\(1 + 79 cos £)? 
12 \ro/ (1 + + 0? + 2n cos £) (96) 

(371 
where 
N(é) = 4(3 — 3 — 98) + (—12 + 129 — 4n? + 3n?) cos + 4n? cos 2¢ + cos [38] 
J ({R\? 
4a 
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| [30] 
sin 3(E — [31] 
= 
6=¢ 
» 
|_| 
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a space angle has made one complete circuit, so that, for 
the at the apses regress (move in the opposite direction to 


the satellite motion) at the rate of (2J/c*)(R/ro)? radians per -28 
revolution. 
Results for motion in the equatorial plane may be found 
using the same method, and are presented in Table 3. In 
this case, the angular momentum is constant, and the func- 


tions r and V have the period 2r[1 + (J/c*)(R/ro)?] in the _ 


space angle g, so that the apses advance at the rate of 
(2rJ/c*)(R/ro)? radians per revolution. Thus, the apsidal 
advance in the equatorial plane is twice the apsidal regression 
in the polar plane. 
Both apsidal distances and the apsidal angle have been 
shown to vary with a long term period, equal to one half the 
period of revolution of the apses (9). Thus, over a long term 
period the first-order result is inaccurate. A numerical check =| 
was made on a near circular orbit at a 300-miles altitude indi- 
cating that, even with the “breathing” of apogee and perigee, == 
the differences between numerical and first-order results in 
radius and speed were less than 1000 ft and 1 fps respectively & 
for the first five days in orbit (about 80 revolutions). 


-16 


Motion in the Polar Plane, Launched From the 


Equatorial Plane 
Table 1 summarizes the equations for polar plane motion 


launched from the equatorial plane. Eq. 25 shows that the 
angular momentum is not constant. Orbital radius and 
speed in a polar orbit are given by Eqs. 23 and 24. Details for 
this case are presented below. Similar results for launch 
from an arbitrary latitude may be inferred from Table 2 


Differences Between First-Order Oblatenness Results and 
Classical Inverse-Square Results 


0 60 20 180 


Fig. 2. Oblateness effects on polar orbital radius | 


The classical inverse-square results are obtained from Eqs. 
23 to 25 and 28, by setting J = 0. Then |n| is equal to the 
eccentricity. Thus the differences between first-order oblate- 
ness results and the classical inverse-square results are 


J (7) x Nearly Circular Orbits 
\ Of particular interest is the motion with a nearly constant 
(3 + 4n — 3n cos € — 3 cos 2 — n cos 3é] [41] radius both because of the possibility of circular orbits and 
7 (RN? L because of the possibility of additional apses. Since 7 is nearly 
(8) [42] zero for such motions, the terms of order n?, Jy, and higher 
; ro 24 (1 + )(1 + 7 cos €)? are neglected. Eqs. 23 to 28 then become 
Ff 2 
(*) M(&) [43] [1-3 [45] 
«48 (1 + 9)? V1 + 92 + 2n cos 2 


where L(é) and M(é) are defined by Eqs. 26 and 27 respec- 
tively. Eq. 42 is presented in Fig. 2 in the following non- 
dimensional form 


P=nve[1-3 (7) 
2 


L(é) 
6 [3 — 2 cos — cos [47] 


As shown in Fig. 2, in the polar plane, oblateness can either 
increase or decrease orbital radius depending on 7 and é&. 
Maximum effects on radius generally increase as 7 increases. 


For the special case = 0 corresponding to initial speed 
equal to circular speed, the maximum effect of oblateness on tts a 6 (2) [3 — 2 cos  — cos 221 [48] 
radius occurs at = 120°, and is given by fix = —4.5. : ABBY 

The effects of oblateness on the polar orbit of Discoverer I : me 
(perigee altitude 176 statute miles, apogee altitude 519 statute — — cos £) + 
miles) have been studied (14). The maximum effects on Re TUR 
radius and speed (r — r,and V — V;) for this case are —5.15 
statute miles and 24.8 fps respectively. 3 
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Fig. 3 Radius variations in nearly circular polar orbits 
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Fig. 4 Oblateness effects on equatorial orbital radius 
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Eq. 48 indicates that r cannot be made a constant by any 
choice of 7, since the coefficients of both n and J(R/ro)? are 
linearly independent. 

An apse is a point on a trajectory where ? = 0. The radius 
at which the apse occurs is called the apsidal distance, and the 
angle subtended between two successive apses is called the 
apsidal angle. For the case of a particle in a central force field, 
the path has at most two apsidal distances and one apsidal 
angle. In general, apses may occur with or without symmetry 
for a noncentral force field. Angles at which the apses occur 
are determined by setting du/dé = 0, since this is equivalent 
to 7 = 0. The result is an equation of the form du/dé = 
sin £[f(£, =0. Thus at = mm apses always occur inde- 
pendent of the values of 7 or e«. In addition to these apses, 
others will be provided where the second factor is equal to 
zero, resulting in 


n = c? — 1 = (€/3)(1 + 2 cos €*) [50] 


where £ = &* is the location of an additional apse for the pre- 
scribed 4 and e«. The allowable range on 7 for occurrence of 
additional apses in the polar plane is 


—&(/8<n<e 


The radius at the additional apse is denoted by r* and is found 
by substituting 7 from Eq. 50 in the expression for radius 
(Eq. 48) evaluated at € = &*, which yields 


42 
r To [1 3 sin 9 


] [51] 
which may be stated alternately in terms of 7 as 
[52] 


Eqs. 51 and 52 show that for any additional apse, r* is less 

than 7. 
Radius variations in near circular polar orbits are pre- 
sented in Fig. 3 in the following nondimensional form ‘q 


[53] 


fo = = (3 — 4.cos + cos + 
J R? 
6 To 


To verify the methods of this discussion, the equations of 
motion were integrated numerically on the IBM 704 digital 
computer (including the J term but not the D term) for two 
cases, \ = QOandA = 3. Fig. 3 shows that the agreement be- 
tween numerical and analytical results is excellent. 

The special case, X = 0, corresponds to initial speed equal 
to circular speed (for the spherical case). At & = 180°, 
the value for f is —4 indicating that the radius is less than 
initial radius. 


(A — 6)(1 — cos é) 


Motion in the Equatorial Plane 


A summary of the equations for equatorial plane motion is 
given in Table 3. Eggs. 35 and 37 indicate that the motion 
is planar and conserves angular momentum. These results 
follow from the fact that the force field is central, which in 
turn is due to the assumed symmetry of the force field. Eqs. 
35 and 36 show the dependence of radius and speed on &, 7, 
and e. 


Differences Between First-Order Oblateness Results and 
Classical Inverse-Square Results 


Classical inverse-square results are obtained from Eqs. 35 
to 37 by setting J = 0. Subtracting the inverse-square re- 
sults from Eqs. 35 to 37 then yields the differences due to 
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| 
24 
-1 
= 


oblateness T 
| 
{i — cosé+ (3 — 2 cos — cos 26) | [56] 
(1 + + 1 c0s &)? 4 N 
Vo 12 (1 + )3(1 + 9? + 2n cos 


The difference in radial position is presented in Fig. 4. For 
all values of 7 and &, oblateness acts to pull the particle closer 
to the earth. At & = 180° the influence of oblateness for 
any orbit is at least as large as f, = —10.4, which for a 300 
n miles altitude orbit of Earth corresponds to r — r, = —8.96n 
miles. For the case n = 0, f, at £ = 180° is —12, three times 
the polar value. Again for a 300 n miles orbit, this corresponds 
to —10.3 n miles. 

Accuracy of the first-order results has been numerically 
checked at » = 1.1 for the following conditions: 


a Values of J, R, » for Earth. 
2 


ro = 2.153401 X 107 ft (corresponding to a 100 n miles 
3 Vo = 37050.688 fps. 


altitude). 
After 12,000 sec flight time, the differences between IBM 704 
results and the analytical results are 


Difference 
IBM 704 Analytical (704 — Analytical) 
r = 209,784,760 ft 209,784,470 ft +290 ft 


V 


This excellent agreement between analytical and numerical 
results indicates that the analytical results are very accurate, 
even for escape trajectories. 7. 


Results for nearly circular equatorial orbits are obtained 
from the equations of Table 3 by neglecting terms containing 
Jn and 7? since 7 is of the order of J in this case. Eqs. 35 to 
39 reduce to 


14,103.056 fps 14,102.984 fps +0.072 fps 


Nearly Circular Orbits in the Equatorial Plane 


r= + E -J (2)"] [1 — cos eit [60] 


The monotonic nature of r, as given by Eq. 60 indicates the 
absence of apses other than at § = mz. Furthermore, a 
circular path is possible in the equatorial plane if 


2 
To 
(hence \ = 6), or equivalently 
J 
E +3 (7) ] [63] 


Radius variations in near circular orbits are presented in Fig. 
5. Symmetry about A = 6 exists so that, for example, re- 
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Fig. 5 Radius variations in nearly circular equatorial orbits 


Superposition Principle 


For fixed n, ro, R, J, & and &, any of the quantities—radius, 
angular momentum, speed, and space angle—may be deter- 
mined by forming a linear combination of these same quanti- 
ties which are solutions for the equatorial plane and the polar 
plane (14). For example, the radial position r(z) of a particle 
initially launched in an orbit inclined by an arbitrary angle 2 
to the equatorial plane may be found from 


r(t) = cos? t + r(m/2) sin? [64] 


where r(0) and r(7/2) are the radial positions in the equatorial 
and polar planes, respectively. Similarly, the central angle in 
the inclined plane as measured from the z-axis is given by 


Given the angle Bo, between the z-axis and the radius vector 
to the initial position, & may be found from Eq. 65. Thus 
the motion of a particle initially inclined to the equator is in- 
timately connected to the motion in the equatorial and polar 
planes. 

An accuracy check on the superposition principle was per- 
formed for the following case 


[65] 
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= 22,510,010 ft (corresponding to a 300-miles altitude 
above the Earth’s equator) 

= 0.5 

7) 120.1239° (a tabulated IBM 704 data point) 


The differences between the IBM 704 numerical integration of 
the equations of motion and the first-order theory are 


Toatc — Ta = —90 ft 
Veatc = 0.012 fps 


The superposition principle, therefore, appears to yield ac- 
curate numerical results even for large values of 7. 


Nomenclature 
c = 
D = coefficient of fourth harmonic in the gravitational 


potential function for an oblate spheroid (1.060 x 
10-5 for Earth) 


J R? 
6 To 
to = fatzi =0 
Soo = fati = 90° 
J R? 
6 To 
Tio = hh atz = 0° 
= fati = 90° 
G = Newton’s constant of universal gravitation 
i = orbital inclination to the Equator 
J = coefficient of the second harmonic in the gravitational 
potential function for the oblate spheroid (1.638 
10-3 for Earth) 
L(é) = defined by Eq. 26 
L,(é) = defined by Eq. 32 
M = mass of the Earth 


M(t) = defined by Eq. 27 
M,(é) = defined by Eq. 33 


N(~) = defined by Eq. 38 

P = angular momentum per unit mass to first order in J 

Ps = angular momentum per unit mass about a spherical 

Earth 

= Py = Vo 

r | 

6 = spherical coordinate system as defined in Fig. 1 

ro = initial value of r (at an apse) 

rs = radius vector over a spherical central body 

= rat an additional apse between ¢ = 0 and 

R = equatorial radius of the oblate spheroid (2.092601 X 

10? ft = 3441.7779 n miles for Earth) 

t = time 

u = 1/r(= uw + Jw, to first order in J) 

U = gravitational potential function, Eq. 1 

V = orbital speed (over oblate spheroid) 

Ve = V u/ro, circular speed for a spherical body at r = ro 

Vs orbital speed for spherical central body 

Vo 


Al 0 = Vo 4 
v = du/d6 
B = the angle between the z-axis and a radius vector to 


the projection of the particle onto the initial plane 
of motion (for the polar plane 8 = 6; for the equa- 
torial plane B = ¢) 


€ = J(R/rm)? 

n = 

0 = initial value of 6 

A = a constant determined to eliminate secular terms 

x = 6n ~ J 

/ 6 \ ro 

m = gravitational constant = GM = 1.4076613 x 10'* 
ft*/sec? for Earth 

é = independent variable chosen to make the analytical 
results periodic to first order in J 

fo = initial value of 

&* = value of — at which an additional apse r* occurs 

¢o = initial value of ¢ 


A prime superscript indicates differentiation with respect to 
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Interplanetary: Maneuvers Using 
Rasta Thrust 


tation. 


tion is treated in detail. 


| feerers are three basic maneuvers which are natural to 
consider in conjunction with interplanetary flight: 
escape from a satellite orbit about a planet to attain a given 
hyperbolic excess departure speed in a specified direction; 
capture of an approaching vehicle by a planet (reduction to 
a satellite orbit), given the hyperbolic excess arrival speed; 
a maneuver around a planet with prescribed change in 
direction and given hyperbolic excess arrival and departure 
speeds. 

Approach to these problems will place emphasis on sim- 
plicity in instrumentation. It will be assumed that the 
thrust of the engine always lies along the radial direction from 
the planet and that the magnitude of the thrust acceleration 
is either constant or controlled to maintain a constant 
Doppler frequency shift with respect to the planet. How- 
ever, it is instructive in the analysis to consider the more 
general case where the magnitude of the acceleration due to 
the thrust is a prescribed function of radial distance, i.e., 
to pretend that the vehicle can measure its distance from the 
planet by some device, so that whenever the engine is running, 
the acceleration is controlled to follow a preset function of 
radial distance regardless of the direction of travel. It is 
further assumed that we are so close to the planet that only 
its gravitational attraction is important. 

The use of geometrical diagrams are instructive in studies 
of this type. Rodriguez (1)? uses an energy-angular mo- 
mentum diagram and Paiewonsky (2) uses a plot of equiva- 
lent one-dimensional potentials vs. radial distance. Here, 
we will use a plot of the square of the eccentricity of the oscu- 
lating conic vs. radial distance. 


General Case 

The conditions imposed above imply that the angular 
momentum per unit mass is a constant during either a coast- 
ing or a powered phase. Consequently, the semi-latus rectum 
p of the osculating conic remains constant, and it will be 
assumed that its value is known. Parameters, represented 
in notation by capitals, are to be measured in the system of 
units such that p is unit distance, and the circular velocity 
at distance p has unit magnitude. The corresponding nota- 
tion in lower case will represent the same parameters in some 
convenient laboratory units. 


- Received Jan. 20, 1961. 
1 Staff Scientist. 
2 Numbers in parentheses indicate References at end of paper. 
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Basic interplanetary maneuvers are considered, with emphasis placed on simplicity in instrumen- 
First, a general theory of radial thrust is developed geometrically, where the primary tool — 
is a plot of the square of the eccentricity vs. radial distance, since it reveals a proper perspective of _ 
the opportunities and limitations of the theory. . 
Finally, an example of a Martian capture maneuver is given where the — 
initial portion of the maneuver has constant radial thrust acceleration, and in the terminal portion _ 
the thrust acceleration varies to maintain constant radial speed. 
velocity and other parameters are computed. 


The special case of constant radial thrust accelera- _ 


The associated characteristic 


Let R and A(R) denote the radial distance and the accelera- ; 
tion supplied by the engine, respectively. We will assume 


that A(R) is a continuous function of R for all valuesof R>0. 


We have then a 


during a powered phase. If € is the eccentricity of the oscu-_ 


lating conic, then 
é = (R)? + (1 — 1/R)? [2] 
The qualitative features of radial thrust are contained in 


Eqs. 1 and 2. From these equations we conclude that when- 
ever R ~ 0 we have 


Integrating Eq. 3 we obtain 
R 
et +2 A(R) ak [4] 


If we plot e? as a function of R, then by Eq. 2, the integral 
curves of Eq. 4 must remain on or above the boundary curve 


given by 
= (1—1/R)? - 
as shown in Fig. 1. >. ae 


The following graphical procedure establishes all the essen- 
tial features (except for the time scale) of what may be 
accomplished for a given value of A(R). First, a templet 


R 
may be prepared of f 2A(R) dR vs. R for R > 0 which covers 


the range of interest. By translating this parallel to the ¢?- 
axis, the family of curves of Eq. 4 may be drawn where each 
curve is omitted when it passes below the boundary curve 
given by Eq. 5. Through each interior point of the per- 
missible region there will pass one and only one such curve. 
If the engine of the hypothetical vehicle is running at this 
point, one follows the curve to the right if R > 0 and to the 
left if R <0. By Kgs. 2 and 5, the radial speed R is zero if 
and only if the point is on the boundary curve. If the curve 
of Eq. 4 through a point on the boundary curve shares a 
common tangent with the curve of Eq. 5, such as P in Fig. 1, 
then this point is an equilibrium point of Eq. 1, i.e., the 
vehicle travels in a circular orbit about the planet while the 


| 
ae 
ft 
-*h 
vi 
=]. 
|| 
2) 
d(e 
dR = 2A (R) [3] 


engine is running. However, if the curve is followed toward 
the equilibrium point from the interior, it cannot be reached 
in finite time; instead the vehicle spirals inward (R < 0) 
or outward (R > 0) approaching a circle asymptotically. 
If the curve of Eq. 4 cuts the boundary curve at an angle in 
some point (such as Q in Fig. 1), then starting at this point 
one may follow the path of Eq. 4 into the interior of the per- 
missible region. Also if such a point on the curve of Eq. 5 is 
approached from the interior, then it is reached in finite time 
and the path is hence retraced. 

Let T denote the time and let €, Ro coorrespond to T>. By 
Eq. 2 we have 


R 


where the plus or minus sign before the integral is chosen 
according to whether Rp is positive or negative. If Ry = 0 
and A(Ry) (Ryo — 1)/R,', then the positive sign is chosen 
if A(Ro) > (Ro — 1)/Ro® and the negative sign if A(Ro) < 
(Ro — 1)/R,*. In the latter case the integrand has a singu- 
larity at the initial point, but the integral is convergent. 
The characteristic velocity V. is defined for any portion of 
a maneuver by 


We will calculate this number only over portions of the 
powered flight when R # 0 and A(R) is always positive or 
always negative, except possibly at the end points. Conse- 
quently, by Eq. 4 and the implicit function theorem we may 
solve for R as a function of e. We then have by Eqs. 7 and 


3 
é d(e re. d(e?) > 
e SS f [8] 
me \ R 
where the plus or minus sign is chosen in agreement with the 


sign of R during the interval. From Eq. 8 we obtain the 
lower bound 


[Ve] >le—e@| [9] 


By Eq. 2, it is seen that this lower bound corresponds to an 
impulse applied when Ry = 1, where all acceleration is con- 


centrated in a single impulse at an end point of the semi-— 


latus rectum. 
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Fig. 1 Maneuvers using constant radial thrust acceleration 


Constant Radial Thrust Acceleration 


If A is a constant, then the curves of Eq. 4 are eae lines 
and we have 


@ = @ + 2A(R — Ro) 


Suppose the vehicle is initially in an elliptic oribt, say ML in 
Fig. 1, and the engine is started at the periplanet M, then if 
A is sufficiently small the vehicle will travel back and forth 
on MN and cannot escape from the planet. However, if 
the engine is turned off at N and the maneuver repeated after 
the vehicle coasts back to the periplanet at S, it is clear 
that escape from the planet can be effected in this way with 
a finite number of thrust arcs regardless of how small A may 
be. 

The time consuming coast ares may be avoided by the 
method suggested by Paiewonsky (2), i.e., reversing the direc- 
tion of the radial thrust (A is alternatively positive and 
negative) at suitable locations. For any of these schemes 
one may graphically compute, using Fig. 1, the number of 
thrust arcs necessary to escape from the planet. 

The ability to alternate coast and powered arcs when the 
osculating conics are ellipses enables one to transfer a given 
elliptic orbit into another by a finite number of thrust arcs 
such that the total characteristic velocity is arbitrarily close 
to the lower bound given by Eq. 9 no matter how small {A | 
(#0) may be. To illustrate, suppose A > Oand0<a<e< 
1. Divide the interval from € to € into equal subintervals 
Ae < A? by intermediary ¢;. In transferring from ¢€; to 
€:+1, we start the hypothetical engine at R = 1, R = «. The 
inequality Ae < A? insures that R is monotonically increasing 
during the transfer, and consequently 


1 (Ae)? 


and therefore 
Ae 
V. => (Al cli < (€ — &) + =(€ — &)— 
2 €0 


In order to escape from the planet with a single positive 
(A > 0) thrust arc from an initial point (Ro, €?) where € < 1, 
it is clear that A must exceed a certain lower bound which 
depends on €& and Ro. This value may be obtained graphi- 
cally from Fig. 1 where, say, Z is the initial point and ZP 
corresponds to the lower bound on the slope 2A. Let 
(1/(1 — 6), €*) be the point of tangency on the boundary curve 
given by Eq. 5; we then obtain 


A = e1 — €)? {11] 
where 
+ (3 — + — lhe — &? = 0 [12] 


The cubic equation in e, Eq. 12, has one or three roots in the 
interval 0 < € < 1 counting possible multiple roots; how- 
ever, these roots correspond to tangents through (Ro, €?) to 
that part of the boundary curve corresponding to R > 1, 
and consequently it is clear that it is always the maximum of 
these roots which we seek. If the initial point is at the peri- 
planet, i.c., Ro = 1/(1 + then = (1 + and 
A = 1/8(1 — &) (1 — ©). This latter result has been ob- 
tained by Paiewonsky (2), Appendix I, where he expresses 
the acceleration in terms of the initial periplanet distance (in 
the preprint, there is a misprint in the numerical coefficient 
which should be 1/2 instead of 2). 

It is interesting to note that, by Eq. 11, if A > 4/27, then 
escape is possible in a single thrust are starting from any point 
on any initial ellipse [compare (2) Appendix IT]. 

The solution to the equations of motion in terms of elliptic 
integrals has already been treated in detail. See Dobrowolski 
(3) for the case 0 < A < 1/8 and Copeland (4), with some 
minor corrections by Karrenberg (5) and Au (6), for the com- 
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plete solution. Also (7) provides simple approximations to 
the above solutions over a limited time period. 

The above discussion relating to constant radial thrust 
acceleration can now be related to the problem of capture. 
The first and third maneuvers mentioned in sentence one of 
this paper may be approached by similar procedures. Ini- 
tially the vehicle will be traveling to the left on a horizontal 
line in Fig. 1 corresponding to some ¢ > 1. We wish then 
to transfer this orbit to some «€ < 1. It is clear, however, 
that if A > 0 is quite small, a modest value of € cannot be 
obtained without a “‘zigzagging” procedure, comprising alter- 
nation of powered and coasting arcs. Furthermore, if the 


powered are, say YX, passes close to an equilibrium point 
(P), then considerable fuel would be expended since the ve- 
hicle would remain for some time in the vicinity of P, where it 
is slowly spiraling in before breaking away and reaching X. 
Because of Eq. 8, a procedure which maneuvers the vehicle 
in the region of Fig. 1, where the radial speed is relatively 
large, is always desirable. We will limit the investigation 
here to maneuvers which effect capture by use of a single 
continuous thrust arc. As a consequence of the latter condi- 
tion, vehicles with low thrust acceleration must be provided 
with higher thrust during the terminal stage; for instance, 
the design may lead to a path DEF in Fig. 1, where the low 
thrust is initiated at D, and perhaps a capsule with a high 
thrust retro-engine ejected in the radial direction at 2. How- 
ever, the terminal maneuver which follows the curves of 
constant radial speed will be considered, since this condition 
keeps the path away from the boundary curve and appears 
to offer an advantage in instrumentation. Also, it requires 
in general only a small acceleration, as shown in Fig. 3. a 


Maneuvers With Constant Radial Speed | 
If 


then the curves of Eq. 4 are translates parallel to the e?-axis of 

the boundary curve represented by Eq. 5, and the radial speed 
is constant along each curve. The maximum positive ac- 

celeration, by Eq. 13, is attained at R = 3/2 when A = 4/27. 

This value corresponds to the inflection point in the boundary 

curve of Eq. 5at R = 3/2. We also have the relations 


R-1 
A(R) = Re 


R R, R(T [14] 

[16] 

oR, (€ ) 


and if ¢g is the angle in radians swept out by the radius vector 
during the maneuver, then 


i 
= radians 
7) R, \R, R radian 


By Eq. 2, one may find R, from R, and e. 

The procedure for capture to be considered here is indi- 
cated in Fig. 2. The maneuver terminates at R = 1, and for 
1< R < R, (where R, > 3/2) the curves of Eq. 4 are con- 
tours of constant radial speed. For R > R, the radial ac- 
celeration A; is constant and given by 


Ri-1 


A; = 8 
[18] 


so that these straight lines are tangent to the contours of con- 
stant radial speed. The instrumentation does not require 
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Fig. 2 Terminal capture maneuver keeping the radial speed 
constant 


the radial distance after the engine is started but only Doppler 
shift as a comparative measure of the radial speed. Suppose 
the approach hyperbola has eccentricity € and the low thrust 
constant radial acceleration is initiated at Ro; then the mag- 
nitude of the radial speed will decrease until a minimum 
value is attained at R,;. The engine then accelerates to main- 
tain this frequency difference until the engine shuts itself off, 
by Eq. 13, at R = 1, thus terminating the maneuver. 
If v.. is the hyperbolic excess arrival speed, then 


p 
= + 1 [19] 

where yp is the product of the universal gravitational constant 
and the mass of the planet. Also the low thrust acceleration 
a corresponding to A; in laboratory units is 


[20] 


By Eqs. 15, 10, 19 and 20 the expression is obtained for the 
final eccentricity «at R = 1(r = p) in terms of p, v.. and ro 


2 


[21] 


where 7; is determined by 


Example of a Martian Capture 


The hyperbolic excess arrival speed at Mars for departure 
dates from Earth during 1960 [see (8)] may be as small as 
7700 fps. However, a somewhat more typical value of 
Ve = 8730 fps will be used in the following calculations. 
Upon arrival in the vicinity of Mars and prior to the capture 
maneuver a final guidance correction is needed to establish 
the nominal value of p. This maneuver is economically per- 
formed by thrust perpendicular to the radial direction and at 
least approximately in the plane of motion relative to Mars. 
Since it is performed at a relatively large distance from Mars, 
say 250,000 miles, the velocity vector will be nearly aligned 
with the radial direction, and consequently this correction 
will have only a small effect on the parameter v.. 

For the nominal capture orbit investigated, the semi- 
parameter p is 3 times the radius of Mars and has an eccen- 
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Fig. 3 Thrust acceleration history for a Martian capture 


tricity « = 0.707 (e = 1/2). This selection yields a nominal 
elliptic orbit with an altitude of 1600 miles at its closest point 
to the surface of Mars and an altitude of 19,500 miles at its 
greatest distance. Also we will assume that the design of 
the engine yields an acceleration a; = 0.0322 ft/sec? (= 10~%g) 
for its long period, low thrust, constant acceleration. 
Summarizing, the input parameters are 


= 1.4989 X 10" ft3/sec? 

p = 3.339 X 10’ ft 
v. = 8730 fps 

e = 0.707 

a, = 0.0322 ft/sec? 


By Eqs. 19, 22, 21, 20 and 10 the nominal values for €, 70, «1; 
7, may be calculated. 

The nominal approach hyperbola has eccentricity ¢ = 
1.64. When the distance from Mars is 7 = 237,000 miles 
(Ro = 37.45), the constant acceleration (first phase) portion 
of the capture maneuver should begin. When a; is small, 
the final eccentricity «, by Eq. 21, is not sensitive to an error 
in 7. Consequently a device which measures the image size 
of Mars should be adequate to start this maneuver. During 
the first phase the magnitude of the radial speed will decrease 
until r reaches r; = 37,270 miles (R, = 5.89) with the corre- 
sponding eccentricity « = 1.09. From Eq. 6, the time 
elapsed during the first phase is 44.8 hr and the corresponding 
characteristic velocity is 5190 fps. After reaching 7, the 
radial speed is maintained at a constant value (second phase) 
until the engine is automatically shut off when r = p = 6320 
miles (R = 1) and e = 0.707. By Eqs. 14 and 16 the time 
elapsed is 9.6 hr and the characteristic velocity for the second 
phase is 3270 fps. 

The acceleration history for the nominal capture maneuver 
is given in Fig. 3, where the maximum acceleration is obtained 
when r = (3/2) p = 9480 miles and a = 4/27 (u/p*) = 
ft/sec? (= 6.2 X 107g). 

The angle swept out by the radius vector during the first 
phase is given by the elliptic integral 


sr f dh radians [24] 
R@e—(1—— 
\ R 


where = + 2A, (R — R). For the nominal first 
phase of the capture maneuver g = 13.7°. During the 
second phase, by Eq. 17, this angle is 67.3°; and therefore 
the total angle swept out by the radius vector during the 
capture maneuver is about a quarter of a revolution. 

If it is assumed that the main engine and the associated 
Doppler equipment perform as indicated, the distribution of 


Pp 


the final sisanaiieass « may be found by Eq. 21 with inde- 

pendent variables v., pand 7. It is seen that a fairly liberal 

error may be made in these variables and still attain a rea- 
sonable capture orbit. There are, however, certain side 
effects. If p is quite small, there is danger of collision with 
Mars; but as long as p is greater than twice the radius of 
Mars, collision is impossible for any final elliptic orbit. Also, 
the acceleration a in Fig. 3 for the second phase will be higher 
or lower than indicated as p is less or greater than its nominal 
value. 

Let us use the criterion 


for the effective radius r* of Mars with respect to the sun 
[See (9), p. 194], where d is the distance between Mars and 
the sun and M 3/M og is the mass ratio. Evaluated at the 
mean distance of Mars from the sun we obtain r* = 360,000 
miles. For our example the perturbative influence of the 
sun during the capture maneuver should be small. 


Conclusions 


Radial thrust does not appear to its best advantage when 
the eccentricity of the osculating ellipse is small. In this 
case, when the thrust acceleration is small, a sizeable change 
in the eccentricity requires either coasting periods or thrust 
reversal. Circumferential or tangential acceleration avoids 
this problem and is, of course, more economical. See Lawden 
(10,11) and Moeckel (12) on optimization of escape from a 
circular orbit. 

When the radial direction is more nearly aligned with the 
tangential direction, as in our example, then radial thrust 
is more attractive. The total characteristic velocity of our 
example is 8460 fps compared to 6300 fps obtained for a 
radial impulse at R = 1. Other steering programs may be 
alternated with radial thrust [see Rodriguez (1)], but in the 
case of our example we cannot better 3700 fps which is the 
tangential velocity increment needed at the periplanet to 
transfer an approach hyperbola having a hyperbolic excess 
arrival speed of 8730 fps into our nominal capture ellipse. 
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Techniques for sustaining circular orbits, which decay because of atmospheric drag, are examined. 

_ In particular, studies are made of the requirements for propulsion devices abroard the satellite to 

counteract the drag forces. Two sustaining schemes are considered, namely, a thrust device that 

operates continuously with the thrust magnitude equal to the drag, and a thrust device that pro- 

vides discrete impulsive velocity corrections spaced throughout the desired sustaining period. 

_ Single stage propulsive systems with continuous thrust capability over long periods are assumed 

for the former scheme, whereas single stage propulsive systems with multiple restart capability 

are assumed for the latter. For both schemes it is found that there is a linear dependence between 

_ the required propellant mass fraction and the sustained lifetime. It is shown that the longest 

’ 7 lifetime per pound of propellant is obtained by using the continuous thrusting criterion. It is of 

_ particular significance that use of a sustaining device requiring only moderate expenditure of pro- 
- pellant substantially increases the lifetime of the satellite. 


N SATELLITE systems designed to perform various mis- Circular orbits are desirable in that noncircular or eccentric 
sions, for example, reconnaissance, surveillance, naviga- orbits offer few, if any, advantages for reconnaissance, sur- 
tion, communications, or defense, it is desirable and some- veillance, or defense. Also, any detection or tracking de- 
times even necessary to build an orbit sustaining device into vices in the satellite which would depend on precise orienta- 
the system. This counteracts the non-Keplerian forces tion with respect to the Earth would encounter undesirable 
which, dissipating energy from the satellites that make up the geometrical problems associated with an eccentric orbit. In 
system, would otherwise prevent the satisfactory fulfillment this light, circularity was assumed to be one of the general 
of the mission. required conditions for the satellite systems, and associated 
While there exist non-Keplerian forces acting on a satellite missions, under consideration. ad 


that do not dissipate its energy, such as the higher order 
forces due to the Earth’s oblateness, or the interaction of the 
Earth’s magnetic field on a statically charged satellite, they 
do not detract from the satellite lifetime regardless of how 
else they might affect the orbital elements. 

On the other hand, forces due to atmospheric and cosmic 
drag, ion sweep-up, or meteoritic collision, dissipate the en- 
ergy of a satellite, and their effect, however large or small, 
will in time make the satellite incapable of sustaining its orbit. 
Techniques may be envisioned, for example, corrective pro- 
pulsion devices aboard the satellite, that will counteract 
these dissipative forces and increase the lifetime of a satellite Continuous Thrust Sustaining System 
system. 

It is with these dissipative forces, in particular atmospheric 
drag, and the methods used to nullify them, that this study 
is concerned. Some pertinent references (1-6)? are listed. 


Orbital Sustaining Schemes F 


Corrective propulsion needed to sustain an orbit may be 
divided into two categories, namely, use of a thrust device 
that operates continuously with the thrust magnitude just 
equal to the drag force; and a thrust device that provides 
the required velocity addition during each maneuver to re- 
turn the satellite to its original orbit. 


In the continuous thrust sustaining system the thrust 
must be equal to the drag. Under such conditions the satel- 
lite would not feel the drag force and would continue in orbit 

unaffected by drag until the available propellant was ex- 
-hausted. The total time over which the propellant was ex- 


System Description _ pended would constitute the sustained lifetime of a satellite 
utilizing this system. Remaining at its initial altitude, the 
Though the particular mission assigned to a satellite system satellite would encounter a constant drag force, and a constant 
will dictate orbital conditions, such as altitude and eccen- thrust, hence a constant mass flow of propellant would be 
tricity, some general conclusions may be drawn as to the required to sustain it. For this application some means 
probable operating altitudes and eccentricities of satellite would have to be available within the satellite to maintain 
systems. the orientation of the thrust vector along the velocity vector 
Certain limitations on the altitude range of the missions for the duration of the sustaining period. However, for the 
under consideration will be imposed by optical, infrared, or satellite missions under consideration, the desirability of main- 
other detection and tracking devices that are necessary to the taining a fixed orientation capability would in allpro bability 
satellite systems. On the other hand, the higher the design be evident in lieu of the sustaining system and would not, there- 
altitude of a particular system, the less the necessity for in- fore, add any complexity to the overall system. 


corporating a sustaining device. For these reasons an arbi- 


trary upper limit of 30 n miles was chosen as the example for 
Discrete Velocity Addition Sustaining System 


this study. 

a ss Another sustaining system to be considered is one in which 
the ARS D. C., the satellite is allowed to decay some increment in altitude or 

1 Formerly Member of the Technical Staff; presently Member for — rement of time at which point -_ impulsive 
of the Technical Staff, Aerospace Corp., Los Angeles, Calif. velocity addition is imparted to the satellite by the sustaining 
2 Numbers in parentheses indicate References at end of paper. device. The magnitude of this velocity addition would ef- 


1237 


SEPTEMBER 1961 


= 
> 
> i 
~ 
= 


fect a Hohmann transfer back to the desired altitude. Upon 
reaching the desired altitude—apogee of the transfer orbit— 
a second increment of velocity would be added to the satellite 
to circularize the orbit. 

Given that two impulsive velocity additions are required 
for a single corrective maneuver, what is left to be determined 
is the manner in which these corrective maneuvers would be 
spaced throughout the orbital sustaining period. Two cri- 
teria for the spacing of these maneuvers are: the application 
of the corrective maneuvers at equal time intervals during the 
orbital sustaining period; and the application of the maneu- 
vers after the satellite orbit has decayed a specified and pre- 
determined increment in altitude. 

Consider first the equal time criterion. Some time after the 
establishment of the initial orbit, the satellite has lost a cer- 
tain amount of its altitude. Assuming, then, that proper 
velocity corrections are made and the satellite is re-established 
in its desired orbit, the decay begins again. The propellant 
used for the first corrective maneuver has now decreased the 
initial ballistic coefficient Wo/CpA, and since the rate of orbi- 
tal decay is proportional to this same coefficient (shown in a 
later section), the increment in altitude to be lost in the next 
equal time interval will be greater than that lost in the pre- 
vious interval. This would require a second corrective ma- 
neuver made up of impulsive velocity additions different in 
magnitude from the first. Some means would have to be 
available within the satellite to provide these corrective 
velocity additions of differing magnitude, i.e., either a com- 
puter in the loop with the thrust termination device, or 
engines of various thrust levels, or both. 

In considering the second spacing criterion, namely, the 
application of the corrective maneuver after the satellite has 
decayed some specified increment in altitude, it’ can be rea- 
soned that the magnitude of the total required velocity addi- 
tion would be equivalent for each correction. From this 
standpoint there are inherent advantages in this system of 
spacing the maneuvers, and it will be the method considered 
for use in the discrete velocity addition sustaining system. 


Analysis 
Continuous Thrust Sustaining System 


For 


where 


[2] 
[3] 
D = (1/2)pV°*CpA = qCpA [4] 


we have the relation 


W, 
Col ~ 


At a given altitude, the dynamic pressure g may be deter- 
mined with a knowledge of the density p, which in this case 
was obtained from the ARDC Model Atmosphere 1959, and 


the circular velocity ae 
| GM_ [6] 


For a given initial altitude Ap and ballistic coefficient 
W./CpA, there is a linear dependence of the required pro- 
pellant mass fraction W,/Wo on the sustained lifetime 7,. 
This, then, will be compared with the lifetimes realizable with 
the discrete velocity addition sustaining system, and par- 
ticularly with the lifetimes of satellites using no sustaining 
systems, 
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Fig. 1 Total velocity required per maneuver 


Discrete Velocity Addition Sustaining System 


Since the total velocity required for each correction is con- 
stant, attention will be given to the determination of the 
magnitude of the total velocity correction as a function of the 
initial orbit parameters and the incremental loss in altitude 
between corrections. 

The total required velocity AV is the sum of the separate 
velocity additions AV, and AV», where AV, refers to the 
velocity addition necessary to obtain a Hohmann transfer 
back to the desired altitude, and where AV, is the velocity 
addition necessary to circularize the orbit having once 
AV, then, is the total required 
velocity for a single two impulse correction maneuver. 

The separate velocity additions, AV; and AV», may be de- 
termined from the vis-viva energy relation, namely 


2 1 


2 1 
7h 
you 
It is oe sum, AV 


= AV; + AV2, that must be provided 
by the propulsive device aboard the satellite for each correc- 
tive maneuver. Shown in Fig. 1 is AV as a function of Ah/ho 
and the initial altitude. 

The velocity addition available from a given engine is re- 
lated to the propellant mass fraction W,/Wo by the familiar 
rocket equation 


1 
AV; = 


or 


[9] 


where Vii is the ith total velocity addition, and W,; is the 
amount of propellant required for that particular velocity 


= 
: 
= [ ] 
ow: 
> 
| 
Q 
S Jour 


Since all the AV requirements are the same for each ma- The total time elapsed after n maneuvers is then 
neuver, it follows that 


Wn Wy Ws AT [24] 


Wo—-W. Wo — Wn — Woe 
(—AV/Ing) [11] ‘Dividing ‘the e by the total amount of propellant used 
ae #09) after n maneuvers, Eq. 12, we may eliminate the series com- 
mon to both 


where the subscripts 1, 2, 3, etc., denote successive corrective 
maneuvers. The total amount of propellant used after n Wot (Wo —- Wo) +... + 
maneuvers is then (We — Wn — Wa — ... — [25] 


arriving at the desired expression 


W,= > W [12] 
pt 
3 1/4 Wo _ exp (Bho) [1 — exp (—BAh)] ] [26] 
CoA LBgaVGMR [1 — exp 
a en The above relation between th llant mass fracti 
Wo = Well — exp (—AV/I, 9) 13 1e above relation between the propellant mass fraction re- 
of ( | quired to sustain a satellite a specified lifetime and the ballistic 
= (Wo — Wa)[1 — exp (—AV/I.p9) ] [14] coefficient is explicitly independent of the number of impulse 
é corrections, and like the continuous thrust system, shows a 
Won = (Wo — Wo — Wor — ... — Won — 1) x 7 linear dependence of the propellant mass fraction W,/Wo on 
(1 — exp (—AV/Iepg)] [15] the sustained lifetime 7’, for a given set of initial conditions. 


Fig. 2 shows the linear relationship, as predicted by Eq. 
26, as a function of the ballistic coefficient for various Ah/ho 
at an initial altitude of 200 n miles. The continuous thrust 
case of Eq. 5 is shown for comparison. A value of 300 
sec was assumed for the vacuum specific impulse of the 
engines. The exponential form of atmospheric density, Eq. 
18, was assumed in order to allow closed form integrations in 
the lifetime analysis. 

The compatibility between the analysis of the two sustain- 
ing schemes may be established by showing that the expres- 
sion for the discrete velocity addition sustaining system, Eq. 
26, reduces to that of the continuous thrust system, Eq. 5 
by taking the limit as Ah— 0 in the former expression. 

For small Ah, the quantity [1 — exp (—8Ahz)] approaches 
the value BAh. Similarly, since small AA implies small AV, 


GMm [16] the quantity 


[1 — exp 

where £ is the total energy of a satellite of mass m in a circu- 
lar orbit at an altitude h. 

A drag force D acting on the satellite will dissipate its / Wo We [% exp (Bho) =a 7] 


It is now desirable to relate the total amount of propellant 
expended after n maneuvers, as shown by Eq. 12, to the total 
time elapsed after n maneuvers. Then, given an amount of 
propellant available, the corresponding elapsed time would 
constitute the sustained lifetime of satellites utilizing the 
discrete velocity addition sustaining system. 

The total time elapsed after n maneuvers is the summation 
of the increments of time between successive maneuvers, 
where Ah is the loss in altitude from one maneuver to the 
next. 

A classical approach to the determination of the time AT 
it takes a satellite in an intially circular orbit to decay a 
specified Ah in altitude is shown below. From the energy 
equation we have 


dE = 


approaches the value AV/I,,g._ Then 


energy by an amount CpA Wol pVGMR / Ak 3 
= DV dt = (1/2)pV3 7 
17) The quantity AV/Ah may be obtained by differentiating the 
By combining Eqs. 16 and 17 with the expression for cireu- expression for circular velocity, Eq. 6, such that — 
lar velocity Eq. 6, and approximating the atmospheric density AV GM 


by 
Ah QV(R +h)? 
p = po exp (— Bh) [18] 


we have, forh « R 


W/CpA) ho— Ah eA An/rF10 05 03 02 O.l THRUST = DRAG 
( exp (Bh) dh = — | 
GMR 0 
After integrating and rearranging 0.8 
2 
7 W/CyA 2 Va ! 
AT = exp (Bho) [1 — exp (—BAh)] [20] | 
J Po ire 0.6 
Again denoting successive maneuvers by the subscripts 1, 2, 3, ¢ 
n, it follows that — | 
“x — exp (—BaA/ ho = 200 N.MI. 
AT, = Wy k xp (Bho) [1 — exp (—8 (21) 
AT, = (Wo — Wn) — exp (—BAA)]] [22] 
Dp 
BCpAgp vVGMR i> % 02 06 08 10 12 14 
AT, = (Wo — Wa — Woe — ... — Won-1) X 
E (Bho) [1 — exp (- (23) PARAMETER Cp : 
BCpAgovVGMR Fig. Discrete velocity addition sustaining system 
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Making the consistent assumption that h « R, and recalling the previous analysis made to determine the time it takes a 
that the term po exp (— Bho), appearing in Eq. 27 is the true satellite in an initially circular orbit to decay a specified 
density p we have indeed amount in altitude, we have 
Wo W I | (W./CpA) o Ts 
Wo oVGMR GM [29] hy (Bh)dh dt [30] 
ture 
/ q [5] and upon integrating hed 
Wo Isp 
Wo exp (Bho) [31] 
The minus sign states that propellant is being used up, or */CpA BonoVGM R 
decreased, with time. By convention, however, the negative ; 
sign is not shown since it is understood that an increasingly Fig. 3 shows the unsustained lifetimes, as predicted by the 
larger proportion of propellant is required as the sustained above equation, for a representative range of initial altitudes. 
lifetime T, increases. See (1-6) for comparison with Eq. 31. 
Lifetimes of satellites utilizing the orbital sustaining sys- 
Unsustained Satellite Orbits tems considered may now be compared to the unsustained 
tinuous thrust and discrete velocity addition sustaining 


system as shown in Egs. 5 and 26 respectively, it is of : 


interest to compare these resulting sustained lifetimes with 

those of satellites usin taining devices. Referring t z a 

hos satellites using no sustaining devices erring to r, fon EME | 
Wo 


T.  WoLlexp (Bho) — 1] 


Continuous Thrust Sustaining System 


Discrete Velocity Addition Sustaining System a4 


T, = W, | [1 — exp (—BAh)] ] [33] 
WoLll — exp (—Bho)][1 — exp (—AV/Iupg)] 


300 


Shown, then, in Fig. 4 is the parameter [(7./Tu)/(Wy/Wo) | 


INITIAL ALTITUDE ,ho-NAUTICAL MILES 


200 
evaluated for both systems for pertinent initial conditions. 
J 
100 Conclusions 
" i, The comparisons between sustained and unsustained life- 
thes 102 times in Fig. 4 show that substantial increases in lifetime are 


‘ obtained with moderate propellant expenditure. Another 
interesting fact that is also evident from Fig. 4 is that the 
a oe advantages of a sustained satellite over an unsustained satel- 
arr lite are greatest at the lower altitudes, where they are needed 
most. It can be concluded that for the discrete velocity 
addition sustaining system, longer lifetimes are realized for a 
given mass fraction as the increment in altitude Ah is de- 
creased, whereas the maximum lifetime per pound of propel- 

lant is obtained from the continuous thrust sustaining system. 
_ Some consideration should be given to the effects that re- 
sult from the drag forces that act on the satellite during the 
Hohmann transfer and during the burning periods of the 
velocity additions themselves. If the time taken to decay 
the increment in altitude Ah is of the same order of magnitude 


UNSUSTAINED Wo _ DAYS 
LIFETIME 2 
PARAMETER 7 CoA LB/FT 


150 


Isp =300 SEC 


aa 


drag losses that have not been accounted for in this study. 
Thus, the actual required velocity additions necessary to ac- 
a complish the desired corrective maneuver will be greater than 


s|2 _ as the Hohmann transfer time, the drag impulse is not 
5, negligible compared to the drag impulse that caused the de- 
x, 2 cay. This analysis has assumed that most applications of 
Lae the results will pertain to systems that take many orders of 
ae Ping magnitude of time longer to decay the specified and pre- 
ow ho=NAUT. MI determined Ah than the transfer time back to the desired 
” 
aan \ NM Pad 50 orbit; hence drag effects during transfer are negligible. 
a < ad In the finite burning periods of the propulsive devices that 
= BN provide the discrete velocity additions, there will result some 
a 


the theoretical values predicted by the vis-viva energy rela- 
tion. The lower the altitudes at which the corrective ma- 
- neuvers are allowed to occur, the greater will be these un- 
BS accounted drag losses. For this reason, the results of this 
Bera tend to be less valid in the region of Ah/ho equal to 


ie) 
ie) 0.2 0.4 0.6 0.8 1.0 
ALTITUDE CORRECTION INDEX Ah/ho 


300 


4h/ho*0 CORRESPONDS iy unity, where the drag losses that occur during the finite burn- 
TO CONTINUOUS THRUST 
ing periods of the corrective maneuvers are most severe. 
Fig. 4 Comparison of lifetimes of sustained and unsustained It should be remembered that in so far as the physical reali- 


satellites ties of either om are concerned, the drag force en- 
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[32] 
Fig. 3 Lifetimes of unsustained satellites 
1%, 
“4 
Po 
= 


countered by a real satellite is not constant for any given alti- 
tude, but varies with latitude, diurnal effects, solar activity, 
ete. The continuously thrusting vehicle would, in the real at- 
mosphere and in the absence of corrections, wander from its 
desired altitude possibly resulting in sustained lifetimes shorter 
than those predicted here. Similarly, satellites utilizing dis- 
crete velocity additions would decay Ah in altitude in a time 
increment different from that predicted in this analysis. 

However, it is felt that the comparison of the two sustain- 
ing systems described remains valid in the real world, and for 
most applications involving the question of sustained orbits, 
the simple closed form of the expressions derived in this study 
will serve as a useful tool to the orbit analyst. 


Nomenclature 


reference area, sq ft 
drag coefficient 


4 6 
drag force, lb «a 


total energy of satellite orbit, ft-lb_ 


thrust, Ib 


‘ 


universal gravitational constant = 45 X 107 
ft?/slug-sec? 


= conversion factor = 32.174 (Ibm /Ibf)(ft/sec?) 


altitude, ft 
sustaining altitude, ft 
increment of altitude decay, ft = 


= specific impulse, (Ibf/lbm) sec 


Date Meeting 
Oct. 2-7 XIIth International Astronautical Congress 
Oct 9-15 fe ARS SPACE FLIGHT REPORT TO THE NATION 
1962 
Jan. 23-26 Solid Propellant Rocket Conference 
March 14-16 Electric Propulsion Conference 


April 3-5 


he Subscripts 


Launch Vehicles Structures and Materials Conference 


M = mass of Earth = 4.09 1023 slug 
q = dynamic pressure, psf - 
R = radius of Earth = 2.09 x 10”, ft : 
’s = sustained lifetime, sec oes 
"u = unsustained lifetime, sec 
AT = elapsed time between maneuvers, sec 
V = velocity, fps _ 
AV = increment of corrective velocity, fps 
Wo = initial weight, lb 
Wp = propellant weight, lb 
W = propellant weight flow, lb/sec _ 
W,/Wo = propellant mass fraction 
W./CpA = initial ballistic coefficient, psf 
= atmospheric density matching coefficient, 4 


= atmospheric density, slug/ft® 
= atmospheric density matching coefficient, slug /ft? 


4, 2, 3, ..., denote successive maneuvers 
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- wine ENT topic of postgraduate research in the labora- 

tory of the Department of Mechanical Engineering is 
concerned with gas flow phenomena occurring in the opera- 
tion of a shock tube. With the completion of construction of 
the shock tube and calibration of the resulting wave velocity,” 
attention was turned to the measurement of transient pres- 
sures at various points along the tube. 

The aim of this paper is to indicate, in detail, the theory 
of operation, design procedure and experimental results of 
such a pressure measuring system based on the amplitude 
modulation process of a 500-keps carrier signal by the capaci- 
tance change of a composite-dielectric capacitance transducer 
housed in a simple electrical bridge configuration known as 
the parallel-T network. 

A perusal of the literature published recently indicates 
that the electronic instrumentation of pressure waveforms of 
extremely rapid rise-time, such as are generated by a shock 
tube, is a subject of continual investigation. It would appear 
from this published literature that the three most popular 
transducers used to accomplish such shock tube pressure 
measurements are the piezoelectric, the strain gauge and the 
capacitance types. Each of these possesses its own peculiar 
advantages and disadvantages when compared with the 
remaining two, and herein lies the cause of the continual work 
in this field. Although the above transducers have not been 
placed in order of popularity, it appears that the capacitance 
type is possibly the least popular of the three for this particular 

Received Jan. 16, 1961. 


application. 
1 Dept. of Electrical Engineering. Bee 


? This portion of the work is contained in a thesis submitted 
by Mr. B. W. Skews of the Mechanical Engineering Dept. for 
the degree of Master of Science in Engineering and entitled: 


“The Construction and Calibration ofaShock Tube.” sits 
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Functions of Low Amplitude by 
Means of Composite-Dielectric 
— Transducer Placed in 


oats 


University of Witwatersrand 


This paper describes in detail the theory of operation and design procedure of a pressure measur- 
ing system to record pressure step functions as generated by a shock tube via the amplitude modula- 


tion process of a 500-keps carrier signal by the capacitance change of a composite-dielectric capaci- 


a tance transducer housed in a three-terminal electrical bridge configuration known as the parallel-T 
7 rr m network. An input voltage of 3.5 v to this network has enabled a pressure step of amplitude only 20 


psi to be recorded as the full scale deflection on an oscilloscope having a sensitivity of 5 mv/em when 


~ the measured transducer natural frequency is 33 keps. The damping factor of the transducer is 
- sufficiently high to permit meaningful oscillograms to be obtained at sweep speeds as rapid as 5 
: microsec/em without the use of electronic techniques to correct for transducer deficiencies. The 
_ published literature would appear to indicate that this is a considerable improvement over what has 
previously been achieved with the capacitance transducer in shock tube instrumentation. 


It can be said of the papers which have appeared on this 
subject that two categories exist. In the first only one type 
of transducer is used, the author concerned indicating its 
particular merits and demerits together with possible remedies 
of any errors that may have arisen. No comparison is 
attempted, however, between the transducer used and the 
remaining types. The papers of second category not only 
extoll the virtues of the transducer favored, but also attempt 
to point out the shortcomings of the other types. 

The former class of publication may be regarded as an 
addition to the prevailing “state of the art” as it points 
out the capabilities of a particular transducer in the hands of 
a particular individual or group of individuals. If these 
results are subsequently bettered by another author using 
the same type of transducer, no really valid criticism can be 
leveled at the first, since what has been achieved is merely 
an improvement in standard. 

The second category of paper, however, must be viewed 
rather differently. It is one matter to show that a certain 
method works, but it is quite a different proposition to show 
simultaneously that the particular method chosen is better 
than other alternative procedures. The author of a paper of 
this type has to be particularly careful that his comments 
are fair and impartial. The normal implication is that the 
pressure instrumentation has been attempted using not only 
the method finally adopted, but also other methods which 
are stated to be inferior. The published literature 
would appear to indicate, however, that this is only seldom 
done; as a result the comparisons made are accurate in 
some cases, but it appears, more often than not, that the 
transducers not favored are subjected to unduly harsh 
criticism. 

The published literature indicates also that there is a 
second trap into which an author of this second category of 
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paper may unwittingly fall. In those cases where the 
choice of transducer has been based upon personal experience 
of all the methods compared, it may be found that it was 
made on the basis of ability to accomplish the required 
pressure measurement under one specific set of circumstances. 
Thereafter, unfortunately, the advantages of the chosen 
type are propounded to include more generalized fields of 
application. Upon careful investigation it is often found 
that whereas the choice made for the particular task in mind 
was correct, it needs to be revised when other cases of pressure 
instrumentation are considered. 

In preparing this paper, the present author has attempted 
to avoid the pitfalls of the second category and has tried, to 
the best of his ability, to direct it into the former class. 
The aim is therefore not to establish the virtues of the 
capacitance transducer under all circumstances, but to point 
out some favorable properties that have been overlooked 
(or even incorrectly stated as being distinct disadvantages) 
by other workers in this field when the specific problem of 
recording pressure step functions as generated by a shock 
tube is being considered. These favorable properties have 
emerged as the result of original analyses firstly of the com- 
posite-dielectrie type of capacitance transducer (1)%, and 
secondly of the use of the parallel-T network as a transfer 
bridge for the transducer (2). 

The parallel-T network (3) is a three terminal electrical 
bridge configuration consisting only of resistors and capacitors. 
This property allows the amplitude modulation of a carrier 
frequency as high as 500 keps to be performed without any 
special shielding considerations. Using a carrier of this 
frequency and an rms voltage only of 3.5 v, a pressure step 
of amplitude 20 psi has been recorded as the full scale deflec- 
tion on an oscilloscope having a sensitivity of 5 mv/em when 
the measured natural frequency of the capacitance transducer 
was 33 keps. Using this simple apparatus, meaningful 
oscillograms have been obtained at a sweep speed of 5 micro- 
sec/em. It should be pointed out that in order to use these 
fast sweep speeds Liu and Berwin (4) have found it necessary 
to resort to a rather complex analog computer technique 
to correct for transducer deficiencies which occurred as the 
result of inadequate damping. 


Review of the Literature 


A convenient starting point in this review of literature is 
the 1949 paper of Draper and Li (5). Although this paper 
considered the capacitance transducer specifically from the 
viewpoint of recording pressures during an engine cycle, 
it nevertheless contains some severe attacks on its general 
principle of operation. In view of the uncomplimentary 
remarks made therein and the severity of the allegations 
against the capacitance transducer, the present author is 
somewhat surprised that he has to date been unable to find 
any refutation of these allegations in the published work on 
the subject. 

The error made by Draper and Li in their criticism of the 
capacitance transducer arises in their section entitled, some- 
what uncomplimentarily, “Performance Limiting Charac- 
teristics of Flat-Diaphragm Pressure Receivers”; this error has 
occurred as the somewhat natural consequence of an analysis 
which has attempted too generalized a treatment. It would 
appear that the validity and accuracy of generalized analyses 
are often open to doubt when the detailed treatment of 
specific cases, supposedly falling within the boundaries of the 
generalized case, are considered. 

In an attempt to include both the electromagnetic and the 
electrostatic pressure transducers in their discussion, Draper 
and Li have stated that ‘‘the pressure-displacement sensitivity 
of a flat-diaphragm pressure receiver is equal to the ratio of 
the displacement of the diaphragm center to the pressure 
applied to the diaphragm.” As the result of this definition, 


3 Numbers in parentheses indicate References at end of paper. 
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certain graphs are derived relating to the support acceleration 
and temperature difference across the diaphragm of such a 
flat-diaphragm pressure transducer. When the time comes 
to state the overall transfer sensitivity of the capacitance 
transducer, in picofarads (pf) of capacitance change per applied 
pressure in psi, the authors unfortunately still retain this 
“pressure-displacement sensitivity’’ as defined above in 
unmodified form and as determined by the equation 
S= Ymax, P= (3 16)(1 = o*) Rat ET® 
where 
Ymax = deflection at diaphragm center 
applied pressure 
o = Poisson’s ratio for the diaphragm material 
R, = diaphragm radius 
T = diaphragm thickness 
E elastic modulus 
As has been shown elsewhere (1), the transfer sensitivity of 
a composite-dielectric-type of capacitance transducer is 
actually given by 


AC/P = 0.235Ri2ymax/(a + t/€,)2 
= 0.235(3/16)(1 — + t/e,)2ET? 


which is a different equation for what should be the same 
quantity when compared with the expression used by Draper 
and Li. In this equation a denotes the airgap dimension, 
t the mica thickness and e, the relative permittivity of mica. 

Therefore, to summarize, although the arguments put 
forward by Draper and Li concerning the defects of the 
capacitance transducer are basically correct, the quantitative 
evaluation of the characteristics as used in the comparison 
with their catenary diaphragm strain gage pickup is in error. 
In fairness it must be added that these authors are not 
alone in committing this error, as Bleakney and Arons (6) 
have committed essentially the same mistake by discussing 
the transfer sensitivity of the capacitance transducer with 
reference solely to the deflection at the diaphragm center. 

In a survey paper of high standard, Eckenrode and Kirshner 
(7) stated in 1954 that the frequency response of the capacitance 
transducer “is a serious drawback in very high frequency 
measurements. In addition condenser gauge sensitivity for 
a given pickup is usually increased at the expense of linearity 
of pressure response.” 

In 1955 Dimeff, Carson and Charters (8) stated their dis- 
like of the capacitance transducer as: ‘The capacitance 
pickup, however, requires electronic equipment of special 
design, and requires frequent adjustment by the user,” 
and gave as one of their reasons for favoring the strain gage 
pressure pickup: “The equipment required is not specialised, 
consisting of common laboratory power supplies, amplifiers 
and oscilloscopes.” 

In a subsequent paper in 1958 Dimeff (9) discusses “survey 
probe transducers,” which are transducers “used in pressure 
surveys of a short-duration impulse flow such as is charac- 
teristic of shock tube tunnels” and states: 

“For installations of this general type, the Ames laboratory 
has considered capacitance transducers desirable. Two ad- 
vantages are afforded by these transducers: (a) The simplicity 
of the basic mechanical construction of the transducer is 
greater than that of either the reactive or resistive transducer. 
(b) The electrical heat generated within the transducer is con- 
siderably smaller than that generated in either of the other 
types. These characteristics allow the design of a transducer 
that provides smaller size, wider frequency response and 
smaller thermal instabilities. 

“The capacitance type dynamic pressure cell in use at 
Ames is a conventional deflecting diaphragm transducer used 
with a 100-kilocycle carrier system. Problems in obtaining 
zero stability and factors affecting linearity of this type of 
transducer are conventional problems in mechanical design 
and have been described adequately in the literature. The 
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Fig. 1 The unsymmetrical parallel-T as a transfer network for 
the capacitance transducer 


major development problem with this type of transducer 
involves the selection of materials and methods which will 
allow the construction of usable cells with a higher sensitivity 
or a smaller size.” 

To be able to use this 100-keps carrier, Dimeff emphasizes 
the extremely careful shielding arrangements which had to 
be adopted when using the bridge circuit he has indicated. 

In an excellent paper, which incidentally typifies the first 
category of publication mentioned in the introduction, 
Willmarth (16) describes the application of a barium titanate 
transducer of diameter 0.162 in. to the recording of shock 
waves. With a transducer resonant frequency of 80 keps, 
oscillograms of a high standard are shown of a pressure step of 
amplitude 0.45 atm at a sweep speed of 10 microsec/division. 
These oscillograms indicate an overshoot and a rise-time of 
the order of 20% and 10 microsec, respectively. Willmarth 
also describes in considerable detail the dynamic calibration 
procedure required for this type of transducer. 

In one of the most recent papers in this field, entitled 
“Piezoelectric Pressure Gauges for Use in a Shock Tube,” 
Gerrard (10) states: “It is generally accepted that the 
measurement of pressure changes which take place in a few 
microseconds requires a piezoelectric transducer. A review 
of the literature shows this acceptance to be well founded.” 
He continues: ‘Pressure gauges for use in a shock tube are 
limited to those types which depend for their action upon 
the compression of a solid.” As a result of this latter state- 
ment it is of interest to point out that in his survey of shock 
tube instrumentation the use of a capacitance transducer of 
the type to be described here is not even hinted at by Gerrard. 

In one of the few papers that has used a capacitance 
transducer for shock tube work, Tallman (11) shows an 
oscillogram of duration 500 microsec indicating the con- 
siderably under damped system response with a capacitance 
transducer having a measured natural frequency of 55 keps. 
It should be noted that this transducer was designed for a 
2000 psi maximum pressure and was recording a step of 
amplitude 350 psi. 

Although out of place chronologically, there is a definite 
reason for discussing the two 1958 papers by Liu and Berwin 
(4,12) at this juncture. In this instance the transducers 
were recognized as suffering from inadequate damping, but 
they were nevertheless used to record the pressure step 
generated by a shock tube. An analog computer technique 
was then used to correct this transducer deficiency, and 
thereby meaningful oscillograms were obtained. This is 
the first occasion, as far as the author is aware, that resort 
has been made to electronic compensation for transducer 
errors. 
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The relevant observation may be made at this stage that 
if such a correcting procedure exists there is then no point 
in discussing further methods of improving transducer 
response. It should be pointed out, however, that such a 
compensatory technique is relatively complex, and in addition 
there arises the very debatable principle as to whether effort 
should rather be spent on designing an instrumentation 
procedure which of its own accord falls within the accuracy 
of the required measurement as opposed to the idea of spend- 
ing relatively little effort on the measuring apparatus, but 
thereafter devising a means of correcting for any deficiencies 
which do arise. The ultimate choice appears to be a matter 
of opinion into which it is not intended to venture here. 
However it would appear that the electronic compensatory 
technique might emerge as the more expensive means of 
achieving the same end. 


Transfer Sensitivity of Loaded Parallel-T 


Network 


we 

The recording of pressure step functions as set up in a 
shock tube is to be achieved in this paper by the amplitude- 
modulation of a carrier signal. To record faithfully the 
leading edge of such a step, this carrier frequency should 
therefore have the highest possible value consistent with 
complications which arise in the associated apparatus as 
the result of the frequency being increased. To indicate a 
few of these complications, there is firstly the consideration 
of the input capacitance of the oscilloscope which, being of 
the order of 20 to 50 picofarads, presents a relatively low 
input impedance in the frequency range of hundreds of kilo- 
cycles. Secondly, the maximum permissible sensitivity of 
oscilloscopes decreases as frequency increases, and thirdly 
the components used in the parallel-T network itself become 
of smaller and smaller magnitude as the carrier frequency is 
increased in value. 

As far as the author is aware, the previously highest 
value of carrier frequency that was used in such an amplitude 
modulation system is 100 keps (9). Employing the parallel-T 
network as the transfer bridge, however, it has here been 
found possible to advance up to 500 keps. ; 

A discussion of the demodulation process is relevant here. 
The best state of affairs results when the amplitude modulated 
carrier is fed directly into the oscilloscope. As the resulting 
modulated pattern on the screen is symmetrical, “visual”’ 
demodulation can quite easily be performed by taking the 
envelope of one half of the pattern about a horizontal axis. 
The insertion of a diode demodulator between the parallel-T 
and the oscilloscope is a procedure which offers basically 
no advantages, and only possible disadvantages, as the 
situation may easily arise where an extremely rapid change 
in the modulated waveform is not faithfully followed by the 
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Fig. 2. Analysis of the loaded parallel-T network 
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Analysis of Loaded Parallel-T Network 


As has been shown above, the input capacitance of the 
oscilloscope results in an input impedance low enough at the 
carrier frequency used to warrant inclusion in the analysis 
of the parallel-T network transfer sensitivity. 

When the input impedance of the oscilloscope is assumed 
infinite, it has been shown (2) that the open circuit transfer 
sensitivity of the parallel-T network is 


Vous —A 


Vu {1 + + + C2/C))]- 
[1 + R3(1 + C2/C;)] 


where A is the proportional change in the shunt capacitor C3, 
wo is the angular carrier frequency and the remaining quanti- 
ties can be identified with reference to Fig. 1. 
The transfer sensitivity is obtained at an output impedance, 
at balance, given by (2) 
R3(1 + C2/C;)(1 + R, /R2) + 1/woCiRs 
Denoting the oscilloscope input capacitance by Cin, the 
required circuit to be analysed, taking into account the 
loading effect of Cin, is then shown in Fig. 2 if it is assumed 
that the parallel-T output impedance at balance remains 
relatively unchanged in the very near vicinity of balance. 
It can be shown (8) that this is in fact a valid assumption. 
Using the circuit of Fig. 2 together with Eqs. 1 and 2 the 
required transfer sensitivity follows immediately as 


oat = Ver + Zin) Vout’ /(1 + Zout/Zin) [3] 


After suitable manipulation, Appendix I shows that Eq. 
3 may be stated in the form 


Vout = A-Vin/f(d) [4] 
where 


[f(d)]? = [1 + d(1 + C2/C,))-[{1 + + 
(1 + Cin/C2)/d}? + (4C + C2/Ci)d] [5] 


(1] 


and 
= (woC 2(1 + C2/C) {6] 


Cx = the capacitance of the shunt capacitor C; of the 
parallel-T network under balance conditions 

A =the proportional change in this capacitance value 
due to the applied pressure to the transducer 
diaphragm 


Eq. 4 is then the required expression for the transfer sensi- 
tivity of the loaded parallel-T network, as it gives the output 
voltage, which is fed to the oscilloscope for a given change in 
the transducer capacitance for a known (and constant) input 
carrier voltage to the network, taking into account the 
oscilloscope input capacitance. Although there are other 
alternative forms of expressing the function f(d), Eq. 5 will 
be found the most convenient for design purposes. 


Comparison Between the Symmetrical and Unsymmetrical 
Forms of the Parallel-T. 


The symmetrical form of the parallel-T network is that in 
which R,; = R. = 2R; and C,; = C2. = Cy/2. The relation 
between the carrier frequency and the network components 
can then be shown (3) to be wo = 1/C;R,;. Under these 
conditions the value of d as given by Eq. 6 becomes 0.5 
and the transfer sensitivity of the symmetrical parallel-T 
becomes, from Eqs. 4 and 5 


Vout = A-Vin/2.83[(2 + Cin/C2)? + (Cin/C2)?}> [7] 


which is in a particularly suitable form for design purposes, as 
the value of C, is definitely known before the design procedure 
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commences (for reasons to be seen later), and the value of Cin 
is determined once the oscilloscope to be used has been 
chosen. 

As a quantitative example of the magnitudes involved, 
consider the practical case where Ci, = 50 pf and where 
Cy is also equal to 50 pf. For a 1 pf change in Cy, A = 
2 X 10~*, and therefore for a lv input to the parallel-T net- 
work the output voltage is given by 


2 X 107? X 103/12.65 mv 


= 1.58 mv 


Vout/pf change/volt input 


It must be pointed out at this stage that this value of the 
parallel-T transfer sensitivity was derived on the assumption 
of completely lossless capacitors. It is extremely difficult to 
fulfill this condition at the carrier frequency of 500 keps; 
therefore the sensitivity as derived above will be found to be 
optimistic, the actual degree of optimism depending upon the 
dissipation factors of the capacitors used in the parallel-T 
network. 

Considering now the unsymmetrical form, it has been 
shown (2) that the analysis of the transient response is a pro- 
cedure which becomes unduly complicated unless the ratio 
of the resistors R, and R, is made unity. Under these condi- 
tions it follows (2) that the relation between C2 and C‘y is given 
by 


and therefore in this case Eq. 5 becomes 


[f(d)]? = [1 + d(1 + C,/C;)]- 
[f2 + (1 + +(4Cin/Cuo)? + C2/C;)] [9] 


As an illustrative example of the magnitudes involved, 
consider again the case where Cin = Cy and let d have the 
value unity. If C2. is made very much less than C; the value 
of f(d) is reduced, making for a higher value of the transfer 
sensitivity. Under these conditions the value of f(d) follows 
as being 11.4, as compared with the value of 12.65, which was 
calculated for the symmetrical form of the network for similar 
magnitudes of Cin and Cp. 

The unsymmetrical parallel-T network can therefore be 
made to result in a transfer sensitivity slightly larger than 
that of the symmetrical. As this difference is only of the 
order of 10%, and as it will invariably be found that the com- 
ponent conditions are far easier to fulfill in the symmetrical 
case, this latter form of the parallel-T will be used henceforth. 

It should be pointed out that if in any specific instance the 
transfer sensitivity of the unsymmetrical parallel-T can be 
made markedly larger than that of the symmetrical, and if 
the resulting component values are feasible, there is only 
advantage to be gained in using the former configuration 
without any attendant disadvantages. 


Consideration of the Capacitance Transducer 
System Design Procedure. 


Once it has been decided to use the symmetrical parallel-T 
network, and the oscilloscope has been chosen, the only quan- 
tity still required in order to calculate the transfer sensitivity, 
by Eq. 7, is the capacitance C2. Since in the symmetrical 
network C, is equal to Cy/2, the information fundamentally 
required is the standing capacitance of the transducer. 
Therefore, at this stage attention must be paid to the prin- 
ciples governing the choice of the transducer diaphragm thick- 
ness and gap dimensions. 

These considerations are considerably simplified once the 
basic principle has been established that the electronic cir- 
cuitry must be made to operate at its most sensitive condi- 
tion consistent with the difficulties of hum, noise and the like. 
This idea is of sufficient importance to warrant further elabo- 
ration. 

As is shown in the following section, the faithfulness with 
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which the diaphragm displacement represents the applied pres- 
sure waveform depends firstly on the degree of the diaphragm 
damping and, secondly, on its natural frequency. For any 
degree of damping the higher the natural frequency the 
better, and this latter requirement is achieved by suitably 
thickening the diaphragm for a given radius. As is shown 
in the section Transducer Design Considerations, the trans- 
ducer conversion sensitivity, as measured in picofarads 
change per applied psi, varies inversely as the cube of dia- 
phragm thickness, so that to make the diaphragm natural 
frequency as high as possible, the conversion sensitivity will 
be at its lowest permissible value. Therefore to compensate 
for this the electronic circuitry must be at its most sensitive. 
Once this principle has been established, the transducer de- 
sign proceeds in a logical sequence. 


Transient Response of the Transducer to Suddenly Applied 
Ramp Function of Finite Rise-Time 


The problem of the transducer response has in the past 
normally been evaluated with respect to a suddenly applied 
step function; that is the rise-time of the pressure waveform 
has been taken as zero. Although this procedure leads to 
a considerable simplification in the resulting analysis of the 
transducer transient response, it is nevertheless of importance 
to consider the effect of finite rise-time of the pressure wave- 
form. The topic to be considered is therefore the sudden 
application of the waveform shown in Fig. 3 to a single degree 
of freedom circuit consisting of mass ™, stiffness constant & 
and damping coefficient ¢. 


STATIONARY | ELECTRODE 
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Fig. 4 Concerning the composite-dielectric capacitance 


It can then be shown that the relation between the dis- 
placement 2 of such a single degree of freedom system and 
the peak value P of the applied pressure is given at any in- 
stant of time ¢ by the expression 


a(t) = (P/k)(1 + (T,/6){ (exp — at’)sin (t’/T,, + 28) — 


at (exp — at) sin (t/T, + 28)}] [10] 


T= the natural period of the system 

b = the time interval indicated in Fig. 3 
a = the system damping factor = c/2m 
=t—b 


The more difficult interpretation of Eq. 10 as compared with 
the equation emerging from the response of the system to a 
perfect (zero rise-time) step function is then only too 
apparent. 

It follows, however, that whatever else may be said about 
Eq. 10, the following statements are correct for an applied 
pressure waveform of given rise-time: 

1 The smaller the value of 7',, that is the higher the value 
of the natural frequency, the less will be the overshoot. 

2 For a given value of 7, the overshoot decreases as the 
value of the damping factor @ increases. 

It should be pointed out that an oversimplification very 
often used by other workers (4) in this field is: ‘When 
the rise-time of the driving function becomes shorter than 
one fourth of the natural period of the transducer, ringing 
or resonance of the transducer’s moving element will take 
place.’’ Eg. 10 shows that there is no sudden transition from 
the underdamped to the overdamped case as the value of 
the quantity 6 passes through that given by 7',/4. 


As has been shown (1) the expression for the capacitance 
70 at change of the transducer caused by the application of a 
1 eg Ay hte A pressure of P psi to the diaphragm is given by 
vee 
¢ = capacitance change in picofarads | 
a 6 = transducer standing capacitance in picofarads 


= ,?/(a + t/er) 


Eq. 11 may be divided into two components, the sensi- 
tivity component, which is the first factor appearing on the 
right-hand side of the equation, and a linearity component. 
For a transducer which is made adequately linear (i.e., 
0.6Ymax/(a + t/er) « 1) it follows that 


AC/Co = (1 + 28) Ymax/3(a + t/é,) [12] 


In terms of the applied pressure, diaphragm radius and 
thickness, the quantity ymax has been shown (1) to be given, 
for a steel diaphragm, by the equation 


Ymax = 55.5 X 10-” PRA/T* [13] 
where 
P = applied pressure in psi _— 
T = diaphragm thickness in in. (see Fig. 4) 
It has also been shown (1) that the fundamental resonant 
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Ymax = deflection at center of diaphragm : 
a = airgap thickness (see Fig. 4) ve 

t = mica thickness (see Fig. 4) aa) . 
€r = relative permittivity of mica ae a 
R. = diaphragm radius (see Fig. 4) al 

R. = stationary electrode radius (see Fig. 4) 


mm 
where 
q |_| 
ii 
‘ 
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frequency of such a steel diaphragm is given by 
fo = 9.82 X 104 T/R?? cps [14] 


Kgs. 11 to 14 permit of a simple design procedure for the 
transducer quantities, as follows. 

The most sensitive arrangement results when no additional 
capacitance is placed in parallel with Co, so that Cy is then 
the quantity Cy used in Eq. 5. Under these circumstances 
the ratio AC/C,) is the quantity A which has been used in this 
equation. An additional important piece of information is 
that in this case the nonlinearity factor is equal to 1.8(1 + 2s) 
times the sensitivity factor. 

The crux of the transducer design process is to allot to the 
airgap dimension a the smallest practicable value. For 
the smallest feasible value of a, Eq. 12 shows that for a given 
t and a stipulated value of A, ymax will have its least value. 
For ymax at its least value, Eq 13 indicates that, for given 
R, and a stipulated pressure which is to be measured, the 
dimension 7’ will have its largest permissible value. For 
largest permissible 7’ and fixed Rz, Eq. 14 shows that the 
resonant frequency of the diaphragm will be at highest allow- 
able value, which is precisely what is required of a successful 
design. 

In addition to resulting in the highest feasible resonant 
frequency, use of the smallest practicable value of @ also 
introduces a considerable damping factor into the diaphragm 
motion. This important advantageous feature‘ may be re- 
garded pictorially as being due to the inability of the air 
trapped in the space above the mica dielectric to escape rap- 
idly enough when the diaphragm is displaced inwards. 

It is important to note that for a stipulated value of A and 
chosen value of 4, Eq. 13 indicates that the diaphragm 
thickness 7’ increases as the value of the pressure which 
is to be measured increases. Therefore for fixed Rj, Eq. 14 
indicates that fo increases as the applied pressure increases. 
Therefore, finally, it is seen that design conditions are most 
stringent when the amplitude of the pressure waveform 
possessing a fast rise-time is low. 

The lowest value that the airspace dimension @ can be 
allowed to assume depends almost entirely on considerations 
of mechanical stability. In this determination of mechanical 
stability it will invariably be found that temperature plays 
the major role. It is therefore seen that the value allotted 
to a depends upon the actual application for which the trans- 
ducer is to be used. For example, other things being equal, 
the value of a to be used when engine pressures are to be 
recorded should normally be far greater than that used for 
shock tube instrumentation. 

The value of the diaphragm radius R, is normally deter- 
mined by two considerations. Firstly, it may be designed to 
result in a certain required value of the transducer standing 
capacitance Cp or, secondly, it may follow as the result of 
considerations of the pressure variation with distance of the 
waveform being recorded. 

Once the design procedure as indicated above has been 
completed, the final check on the standard of the resulting 
transducer is that the capacitance change be sufficiently 
linear, that is, that the quantity 0.6-ymax/(a@ + t/e-) be suffi- 
ciently small compared with unity. ; 


Design of Apparatus 


It has been shown under the heading Considerations of the 
Capacitance Transducer that the design conditions become 
more stringent as the peak value of the pressure step is re- 
duced in magnitude. In order to pose a severe test for this 
method of instrumentation, the design is attempted here for 
a pressure step of only 20 psi amplitude. As stated under 


4 This was pointed out to the author by C. J. — Senior 
Lecturer in the Mechanical Engineering Dept. ‘ 
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- subheading Choice of Carrier Frequency, a carrier frequency 


of 500 keps is to be used. 

As it was anticipated that the role played by temperature 
in this instance would be relatively small, the value of @ was 
chosen to be 0.2 X 107% in. A working diameter of 3/8 in. 
was chosen for the diaphragm, and on this basis the diameter 
of the stationary electrode was made 0.355 in. In addition it 
was decided that a transducer standing capacitance of the 
order of 50 pf would result in a reasonable parallel-T design 
at the frequency of 500 keps. This latter condition was 
achieved by the use of a mica thickness of approximately 
1.2 X 10-*in. 

The oscilloscope available was a Tektronix Model 545 with 
a type D preamplifier which has an input capacitance of 45 
pf and permitted a maximum sensitivity of 5 mv/cm at a 
frequency of 500 keps. The full scale deflection on this 
oscilloscope is 2 cm, and therefore a voltage of 10 mv peak 
value, that is of rms value 7.07 mv, is required at the oscillo- 
scope input terminals for a 20 psi applied pressure to the 
transducer diaphragm. 

At this stage a guess must be hazarded at the available 
input voltage to the parallel-T network. It is shown in the 
following section that the actual value of the input voltage 
used involves considerations of its harmonic distortion, but 
for the time being a value of 2v rms seems reasonable. For a 
symmetrical parallel-T Co = Cy/2 = 25 pf and therefore, from 
Eq. 7, the required value of A to enable a 7.07 mv output to be 
obtained with a 2v input is given by 


7.07 X 10-8 = A X 2/2.83[(2 + 45/25)? + 45/25)2]95 
A = 4.21 X 107 


Neglecting s, this enables the nonlinearity factor to be im- 
mediately stated as 1.8 X 4.21%, that is 7.6%. The re- 
quired value of ymax to give this value of A is then, from 
Kg. 12, and assuming a relative permittivity of 7 for mica, 


given by 7 
A = 4.21 X 107? = ymax/3(0.2 + 1.2/7) XK 10 4 
i.e = 0.0471 X 107? in. 


+» Ymax 


The diaphragm thickness to permit this value of ymax to be 
obtained is, from Eq. 13, given by 


= 55.5 X = 55.5 X 10-" X 20 X 
(0.375/2)4/4.71 X 10-> = 2.89 X 10-* 
ie., T = 14.2 X in. 


The diaphragm natural frequency is then, from Eq. 14, given 
by 
fo = 9.82 X 104 X 14.2 X 107%/(0.375/2)? = 39.6 keps 


The nonlinearity figure of 7.6% calculated above may at 
first sight seem somewhat excessive. There are, however, 
two features which will reduce this nonlinearity rather sub- 
stantially in the final output voltage vs. applied pressure 
graph. Firstly it must be remembered that the value of 7.6% 
expresses the nonlinearity at the applied pressure of 20 psi 
with respect to zero psi. On the actual graph of capacitance 
change vs. applied pressure it will be found that a mean 
straight line approximation can be drawn to show a far lower 
nonlinearity value. Secondly, it has been shown (1,2) that, 
whereas the capacitance change graph becomes concave 
downwards as the applied pressure is increased, the parallel-T 
characteristic of output voltage vs. the capacitance change 
AC becomes concave upwards. The overall system transfer 
characteristic of parallel-T output voltage vs. applied pressure 
to the transducer diaphragm, which after all is the transfer 
characteristic of real importance, then tends to be accurately 
linear when each of the other two graphs mentioned above is 
decidedly nonlinear. 

In any event the transducer and its associated apparatus 
are subjected to a calibratory test before use, and if the re- 
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sulting graph is unacceptable, the design process as indicated 
above can be redone to achieve a more linear response. 

As mentioned in the section Comparison Between the Sym- 
metrical and Unsymmetrical Forms of the Parallel-T, the use 
of Eq. 7 presupposes the use of perfectly loss-free capacitors in 
the network. As this is an extremely difficult condition to 
fulfill at 500 keps, it must be expected that the input voltage 
assumed above of 2v must be increased somewhat, the actual 
increase depending upon the dissipation factors, at 500 keps, 
of the capacitors used. 

As regards the parallel-T design, as Cu = 50 pf, C; = C2 = 
25 pf and from equation wo = 1/C,R,, it follows that 


= 1/27 X 500 X 10° X 25 X 10-” = 12.7 kohm 


Therefore R; = R,/2 = 6.35 kohm. 
out that this value of Rs; has been shown (13) to be less than 
R,/2 when capacitor loss is present, the actual reduction 
again depending on the specific loss occurring. 


Additional Practical Requirements 


For zero applied pressure to the transducer diaphragm, the 
parallel-T network is brought into the balanced condition by 
suitable variation of both R; and a small trimmer capacitor 
which is placed in parallel with the transducer itself. Under 
these circumstances zero output voltage results, and there is 
then no deflection on the oscilloscope screen. 


insulating plugs 


-0125" steel diaphragm 
‘000 2” air gap. 
0012” mica. 


“Fig. 5a Details of the pressure transducer 


Fig. 5b Amplitude-modulated carrier of 500 kcps recording 
pressure step. Sweep speed: 5 microsec/em ai 
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It must again be pointed 


The above statement is completely accurate when applied 
to the fundamental component of the input voltage. The 
parallel-T, however, is a single frequency rejection network, 
and therefore any other frequency component present in the 
input voltage waveform is passed, partially or completely, 
depending upon its proximity to the fundamental. 

As a quantitative example, consider the design calculated 
under heading Design of Apparatus. On a vertical scale of 
2 cm, an initial zero trace of thickness 1 mm is easily dis- 
cernible. Using a sensitivity of 5 mv/cm this latter trace 
then represents 0.5 mv peak value, and therefore this voltage, 

for an input voltage of 2v to the parallel-T, represents a dis- 
tortion content of the order of 0.5 X 10-* 102/2+/2%, that 
0.017%. 

It can be safely said that oscillators of such low distortion 
content are seldom, if ever, encountered in normal laboratory 
equipment, and therefore a filter tuned to accept the funda- 

mental component of the oscillator voltage has to be inserted 
between the oscillator and the input terminals of the parallel- 
network. 

The author has attempted in a previous paper (2) to pre- 
dict the rejection characteristic required of such a tuned 
filter. It appears however that a far more satisfactory pro- 
cedure is initially to try out a tuned filter in situ and then to 
modify its characteristics accordingly. This procedure is 
particularly recommended at frequencies of the order of 500 
keps, where filters of variable selectivity are pieces of appa- 
ratus easily devised. 

In obtaining the experimental results indicated in the fol- 
lowing section, the tuned filter used was the I.F. stage of an 
ordinary radio receiver, the diode demodulator having been 
removed as discussed later. Under these circumstances the 
zero trace thickness was slightly under 1 mm in thickness 
when using an oscillator of specified distortion content of the 
order of 0.5%. 

It has been seen that one method of increasing the transfer 
sensitivity of the system is merely to increase the input 
voltage. In so doing, however, the requirements on the 
tuned filter become progressively more stringent. This fea- 
ture results since the maximum thickness of trace under bal- 
ance conditions remains at the figure of 1 mm mentioned 
above and does not increase in proportion to the input voltage 
increase. For a fixed percentage distortion content, the 
harmonic voltages in the input voltage waveform obviously 
increase as the fundamental component is increased in 
voltage; the filter has then to be more sharply tuned to 
result in the same thickness of initial trace as before. It will 
in fact be found that, for an oscillator of given harmonic con- 
tent, the required rejection characteristic of the tuned filter 
provide the upper limit to the value of the transfer sensitivity 
that is obtainable from this method of pressure instrumenta- 
tion. 


Experimental Results 

The parallel-T network and transducer were constructed 
using the design values calculated in a previous section with 
the one exception that, as a 14.2 X 10~*in. diaphragm was not 
available, the nearest thickness of 12.5 & 107-3 in. was sub- 
stituted in its place. A drawing of the transducer is given 
in Fig. 5 a. 

With this change the calculated new value of ymax is 0.0688 
X 10-*in., that of Ais 6.15 X 10~? and that of the new input 
voltage to cause the required output voltage of 7 mv for a 
20 psi applied pressure is 1.37 v rms. The calculated dia- 
phragm resonant frequency in this instance becomes 34.8 keps. 

For the system as constructed it was found that an input 
voltage of 3.5 v was required as opposed to the predicted 
value of 1.37 v. As has been stated earlier, the derivation of 
Eq. 7 has used the value R,/2 for R3, and has thereby neglected 
the presence of capacitor loss and also capacitance between 
the input and output terminals of the parallel-T network. 
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When these effects are present it can be shown (13) that the 
value of R; becomes appreciably lower than 2/2, especially 
if C,; and C, are each small in magnitude, as is the case here. 
The derivation of Eq. 7 then shows that this causes the trans- 
fer sensitivity to be reduced, that is, a larger input voltage 
is required for a given output voltage and a given applied 
pressure. 

A block diagram of the electronic circuitry is shown in Fig. 
6. 

The response of the transducer and its associated equip- 
ment was obtained by recording the pressure step as generated 
by a shock tube, a well-known procedure (11,14) in the 
transducer field. The shock tube used was constructed as 
part of a postgraduate research program (15) in the depart- 
mental laboratory, and possessed the following character- 
istics: 

1 Chamber and channel built of aluminium and of cross 
section 1.75 sq in. 

2 Length of chamber 25 in.; length of channel 143 in. 

3 Diaphragms used were of cellulose acetate 10 X 10-4 in. 
thick; conventional methods of diaphragm rupturing were 
employed. 

4 When 80 psi (gage) was used in the chamber and 
atmospheric pressure in the channel, the resulting shock wave 
velocity was Mach 1.5. 

Since the displacement of the diaphragm center was to be 
of the order of only 0.07 X 107 in., concern might be ex- 
pressed about the standard of the reproducibility of the pres- 
sure records. With this in mind all records were taken for 
the same initial conditions (within experimental setting 
accuracy) for at least two consecutive occasions. The high 
standard of reproducibility achieved is shown in the oscillo- 
grams obtained. 

Another issue which arises out of the high value of the 
transfer sensitivity of the apparatus, as well as the small dis- 
placement of the diaphragm center, concerns the amount and 
frequency of possible rebalancing required of the parallel-T 
network after each pressure record has been taken. It was 
found that absolutely no rebalancing at all of the parallel-T 
was required until some twenty records had been taken, and 
after the time interval involved, the slight variation of the 
balancing controls that was called for could possibly have 
been attributed either to a small frequency change in the 
oscillator or to the small change of the transducer standing 
capacitance caused by the diaphragm not returning precisely 
to its previous neutral position. 

The transducer was mounted in a manner which enabled 
the diaphragm to be within 0.09 in. from the inner surface 
of the shock tube wall. The resonant frequency of the 
entrance canal so formed was then not expected to influence 
the records obtained. 

The records obtained are shown in Fig. 7. The first im- 
portant point is to compare the predicted resonant frequency 
of 34.8 keps with the experimentally obtained value of 33 
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keps for the natural frequency. The second feature to emerge 
from these oscillograms is the high damping factor of the 
system. These two properties then enabled the fast sweep 
speeds indicated to be successfully used, without any recourse 
to a compensatory technique to correct for transducer defi- 
ciencies. 

The oscillograms shown consist of a modulated carrier 
waveform which is symmetrical about a horizontal axis. 
It must be pointed out that in most instances this axis has not 
coincided with the horizontal axis of symmetry of the oscillo- 
scope graticule; this merely means that the oscilloscope trace 
under parallel-T balance conditions was not situated in mid- 
sereen. This characteristic, which was caused initially by 
the viewing system of the camera used, of course introduces 
no additional error into the resulting oscillograms. The re- 
quired pressure vs. time records are obtained by taking the 
envelope of the upper half of the modulated pattern in each 
case. 

Figs. 7 a and b show that the overall measuring apparatus 
possesses a rise-time and an overshoot of the order of 10 
microsec and 50%, respectively. The remaining oscillo- 
grams show the application of the pressure measuring system 
as described in this paper to the recording of transient pres- 
sures occurring in the operation of a shock tube. 

It is of interest in this connection to point out the slight 
rise in pressure which occurs once the shock wavefront has 
passed, as shown in Figs. 7i and j. This pressure rise was 
also noticed by Shunk, Dranetz and Budenstein (17) who 
state: 

“This gauge suffers, in common with all piezoelectric gauges, 
the disadvantage that it cannot be calibrated statically. 
This and three other types of pressure gauge have confirmed a 
continuing rise in pressure of the gas in the shock tube after 
the shock passes. Thus even though the pressure jump across 
the shock is known from shock velocity measurements, so 
that the initial rise can be calibrated, it is not possible to 
calibrate the long-time characteristic of the gauge in the shock 
tube by assuming constant pressure in the flow following the 
shock.” 

As this shock tube procedure is the normal manner of 
dynamically calibrating a piezoelectric type of transducer, it 
would appear that this pressure rise after the shock introduces 
complications into the calibration process. 

It is the intention to deal with the interpretation of the 
pressure waveforms resulting from the application of the 
parallel-T method of instrumentation to shock tube operation 
in a separate paper in the near future. For the moment, 
attention is being focussed on both oscillator and tuned 
filter design in an attempt to produce an input voltage wave- 
form to the parallel-T network of even greater purity. This 
will enable the conversion sensitivity of the apparatus to be 
increased further, which will then lead to an increased natural 
frequency of the transducer diaphragm. 


] 


) 
i Fig. 6 Block diagram of the electronic ci! 


Py = 7-18 


Py = 6-89 


5000 microsec/div 


Fig. 7 The pressure records obtained. Each of the above is an amplitude-modulated wave 


Conclusions 


Possibly the severest criticisms of the capacitance type 
pressure transducer are contained in the remarks of Ecken- 
rode and Kirshner (7) and of Dimeff, Carson and Charters (8) 
which are quoted in a previous section that deals with the 
review of the literature. 

The aim of this paper has been an attempt to repudiate 
these allegations by indicating a capacitance transducer 
design procedure which results in a product which does not 
“require frequent adjustment by user (8),”’ and by the intro- 
duction of the parallel-T network as a transfer bridge, to 
show that the “equipment required is not specialised, con- 
sisting of common laboratory power supplies, amplifiers and 
oscilloscopes (8).”” 
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10, 000 microsec/div 


Py = 6-98 Py = 7:04 


Py = 6-87 Py 6-85 


The use of this pressure measuring system has enabled 
meaningful oscillograms to be recorded at sweep speeds 
which have previously been obtained only, as far as the author 
is aware, by the use of an analog computer technique to 
correct for capacitance transducer deficiencies. 
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Appendix I: Derivation of Eq. 4 


The term Zout/Zin Which appears in Eq. 3 may be written, using Eq. 2, as 


—j(Ri + [1 + jwoCiRs(1 + C2/Ci)) 
[woCR3(1 + C2/Ci)(1 + Bi/R2) + 1/weC Rs] 


—j(Ri + Re)- [1 + juoCiRs(1 + C2/C\) | -jwoC in 
(1 + C2/Ci)woCRs[1 + Bi/Re + 1/(weCiRs)*(1 + C2/C;)) 


and substituting the above expression for Zout/Z in and Eq. 1 for the term Vout’ into Eq. 3 there results 
—AVin/(1 + + 


+ Re) + + C2/C\)] 


— AV in/[1 + juoCiRs(1 + C2/Ci)] 
1 + + 1/d + wC in(Ri + Re) [7 + 1/woCiRs(1 + C2/C)) 


where the term d is given by Eq. 6. 6 » 
—AVin/[1 + + 


Zout/Zin (jwoC in) 


Vout = 


Vout = + 1/d + + Be) + 


he. | Vout | = + Ri/Re + (1 + Cin/C2)/d]? + [woCin(Ri + Re) 


Vin/(1 + d(1 + C2/C;) 
+ Ri/Re + (1 + Cin/C2)d]? + + C2/C;) 
which then leads directly to Eqs. 4 and 5 in the text. net 7 ) 
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HE PURPOSE of this discussion is to present one form 

of the alternating current analog to the magnetohydro- 
dynamic pump. The direct current machine, which has 
been successfully applied to pumping of liquid metals, re- 
quires electrodes that are wetted by the conducting fluid. 
When the conducting fluid is a hot gas, the electrode design 
becomes difficult. The problems associated with the elec- 
trodes can be eliminated by use of alternating current elec- 
trodeless discharges. This kind of discharge has been used 
as a propulsion scheme for shock tubes with success. The 
discussion that follows illustrates the application of the elec- 
trodeless discharge to problems of continuous pumping. 
The pumping problem in this discussion differs from that 
used in the Stellarator (1)4 where the field is stationary and 
the purpose of the “pumping” is to add heat, and corresponds 
more nearly to that situation described in (2). Experiments 
are described in (2) in which kinetic energy is added to an 
ionized gas, and in which a direct current discharge was used 
to amplify a radio frequency signal. In the author’s applica- 
tion to wind tunnel propulsion, the primary purpose of the 
pumping is to add a maximum directed velocity, i.e., kinetic 
energy with minimum heating. 

The remaining portion of this paper is separated into 
three major parts. In the first, a qualitative discussion of 
the traveling-wave pump is presented. The second contains 
a description of the apparatus that has been constructed to 
test these ideas. The third presents some preliminary data 
taken from the apparatus. The possible application of this 
device to wind tunnel propulsion, rocketry, or, conversely, 
power conversion, is briefly mentioned. 


Discussion of the Traveling-Wave Pump 


In its simplest form, the traveling-wave pump consists of a 
tube that fits inside a long solenoid (Fig. 1). The upstream 
end of the solenoid is connected electrically to an alternating 
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‘ An ionized gas can be accelerated by a moving magnetic field. This principle has been used to 

produce an electrodeless a-c accelerator called a “traveling-wave pump.” 
locities are obtainable in this way, the device may be used directly for propulsion or for simulating 
re-entry flow conditions. The operating principle of the “‘traveling-wave pump” is discussed. A 
prototype experimental facility of this type is described. 
a power generation is also briefly mentioned. 


Since high gas ve- 


The possible application to electrodeless 


current oscillator. The downstream end of the solenoid is 
terminated in its characteristic impedance. Each time that 
a current pulse is admitted to the coil it travels to the down- 
stream end of the coil. This current pulse sets up a radial 
magnetic field and a longitudinal magnetic field. As these 
magnetic fields move down the tube they induce or, more 
precisely, they are accompanied by an azimuthal electric 
field. If the magnetic Reynolds number is small, as it is 
in the type of machine we are discussing, then an azimuthal 
current distribution is formed in the conducting gas in re- 
sponse to the electric field. The current is larger when 
the electrical conductivity is larger. This current distribu- 
tion interacts with the radial magnetic field and causes a 
volume force that tends to push the gas in the direction of 
the traveling current pulse. Each current pulse that travels 
down the coil tends to push the fluid in the same way. Con- 
sequently directed energy is added to the gas. As predicted 
by the second law of thermodynamics, this process is not fully 
efficient because entropy is generated by the so-called /?R 
losses in the gas. Thus, the gas comes out at a higher tem- 
perature than it had when it entered. While part of this 
added enthalpy might in some cases be recovered, less directed 
energy is added to the stream than would be added in a more 
perfect situation. 

The statement that the operation is being carried out at 
low magnetic Reynolds number warrants additional dis- 
cussion. It has been shown that the ability of a magnetic 
field to diffuse into a medium of any kind is dependent upon 
its electrical conductivity and its magnetic permeability (3). 
The rate of diffusion of magnetic field lines is inversely pro- 
portional to the product of the conductivity and the per- 
meability. That is, the magnetic field enters a poor conductor 
more readily than a good conductor when their permeability 
is the same. Since the magnetic Reynolds number is pro- 
portional to the product of electrical conductivity and per- 
meability, it follows that in magnetohydrodynamic processes 
that are characterized by a low magnetic Reynolds number, 
it is quite easy to get the exciting magnetic fields into the 
gas. The electric fields that are set up in these plasmas can 
be calculated by Maxwell’s laws. The internal current 
distribution follows from the conductivity and the electric 
field. Thus, the process is similar, conceptually, to dragging 
a screen of variable solidity down the tube. The viscous 
forces that accompany the motion of the screen correspond to 
the body force resulting from interaction of the current 
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density and the magnetic field. In the case of high mag- 
netic Reynolds number the plasma resists the magnetic field. 
It tends to be deformed, and in the process being discussed 
the plasma would become sausage shaped. The high mag- 
netic Reynolds number process tends to be more nearly the 
systaltic process that is similar to milking a cow. 

Now if the gas has some directed velocity, a second electro- 
motive force is induced that tends to oppose the driving force. 
Consequently the average net force is proportional to the 
difference between the wave velocity and the gas velocity. 

The solenoid feels three losses of energy. In addition to 
the pumping, energy is extracted by ohmic heating, and also 
is stored in radial motion. The latter is not used in the 
process. 

In the application to either wind tunnel propulsion or 
thrust generation it is desirable that the gas velocity be a 
large fractional part of the line speed. Hence, it would be 
desirable to make the wave speed increase along the length of 
the tube. 

The effectiveness of the coupling between the electromag- 
netic process and the gas can be described in terms of several 
dimensionless parameters. Consider first the ratio of the 
magnetic pressure B?/2u to the dynamic pressure }pv’. 
For a primary magnetic field strength of 100 gauss the mag- 
netic pressure is 40 newtons per square meter or 0.0058 psia. 
If the pump is running at a static pressure of 0.05 psia and at 
sonic speed, then the dynamic pressure is approximately 
0.042 psia for helium. Consequently the ratio of magnetic 
pressure to the dynamic pressure indicates that a weak inter- 
action is possible. 

A second parameter is the magnetic Reynolds number 
R,, = wolv. This parameter also is a measure of the size 
of the induced fields, and consequently the “back emf,” 
to use the terminology of the electric motor engineers. At 
large R,, the forces are large with very little slip; at small 
values of R,, the actual force is small even if the slip is large. 
In the latter case it is very difficult to build up any currents 
in the gas. For a tube two meters long the magnetic Reyn- 
olds number (in MKS units) is Rm» = 25 X 1077 ov. The 
electrical conductivity o can vary from 0.1 to 100 mhos per 
meter depending upon the temperature and pressure. When 
ao ~ 10 mhos per meter and v is 6000 m/sec, i.e., sonic speed, 
the value of R,, is about 0.3. If the velocity is 90% of the 
line speed (for the line to be discussed below) or 27 X 10 
m/sec, then at the conductivity used before, R,, is 1.35. In 
this midrange of R,, it is difficult to find any good approxi- 
mate analytical solutions. If it is assumed that the mag- 
netic field propagates at a speed c, then an elementary calcu- 
lation gives the applied body force components (c.f. the 
Appendix), namely: 

Radial Body Force F, 


F, = o(uNI)*{Io(kr)Ii(kr)(c — v2) cos k(z — ct) sink (z — ct) 
+ I[,? (kr)v, cos? k(z — ct)} 


Longitudinal Body Force F, 


F, = o(pNI1)*{1,2(kr)(c — v,) sin? k(z — ct) + 
T, (kr)Io(kr)v, sin k(z — ct) cos k(z — ct)} 

The average accelerating force 


| 
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divided by o(uNJ)? is given in Fig. 2. It illustrates the de- 
sirability of increasing the outer radius R using an annular 
configuration. Since the axial force is proportional to the 
square of J; (kr), it is clear that an annular configuration is 
more practical than a hollow cylindrical tube. This concen- 
tric configuration is not a handicap for thrust generators, but 
does not seem practical for wind tunnel propulsion. Alter- 


nately, it is possible to use a polyphase system which is: 
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Fig. 1 Analytical model of traveling-wave pump 
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kR =2 m7 x TUBE RADIUS IN WAVELENGTHS 
Fig. 2 Average accelerating function as a function of kR 


simpler externally, but its interaction with the flow is quite 
complicated. 

The relative effectiveness by which the power is fed into 
the gas may be approximated from a simple energy balance, 
and by use of the imaginary part of the propagation constant 
calculated in the Appendix. After use of the small R ap- 
proximation and integration over the area, the rate of power 
attenuation from the driving coil is, if Zp) is the coil im- 
pedance, approximately 


where 


l 
4(,)N)2- 
B oR4(uN) (1 


Prototype Apparatus 


A system has been constructed (Fig. 3) and consists of three 
i the plasma source, the nozzle, and the traveling- 
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wave pump TWP that are connected with the vacuum 


system. The development of each of these components is 
discussed in turn. 

Applying the first law to the energy addition in the travel- 
ing-wave pump, the power added by the pump must equal 
the increase in kinetic energy of the stream plus the heating 
of the stream. 

Considering first the pumping only, if h denotes enthalpy 


Assuming inlet velocity negligible 
Ah pump = — 
For v = 10° fps and m = lbm/sec 
Pramp = 22k 
ou 


If a pumping efficiency of 50% could be maintained, 44 kw 
of RF power would be required. A velocity of 104 fps would 
require about 7 kw at 50% efficiency, or 21 kw at 15% 


efficiency. 
The design conditions for the coil were 
Number of 
c(fps X 10-4) Z, ohm f(r = 2 ft) ke 


581 31 


The tests on the components of the pilot facility indicated 
that the individual parts tended to perform well although 
the line speed was several times higher than expected. 


Plasma Source 


The basic plasma source (4) was modified to ensure satis- 
factory operation at high current levels. The anode was 
designed with a replaceable copper nozzle insert and a water 


5 Alternate layers in parallel. 
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jacket which utilized a vortex to create uniform high tan- 
gential velocity, and a 180° turn in the radial velocity to 
provide a pressure gradient at the wall of the nozzle throat 
favorable to nucleate boiling heat transfer. It was found 
that nozzle life could be increased greatly by placing a five- 
turn coil of 3; copper tubing around the plasma source to 
supply an axial magnetic field as described by Shepard and 
Boldman (5) of Lewis Laboratory. The axial field interacts 
with the radial component of the are current at the anode 
spot on the nozzle surface to produce a rotation of the spot 
about the nozzle axis, thus spreading the heat transfer over 
a wider area and creating uniform wear. 


Are Starter 


In order to break down the initial gap between the elec- 
trodes and start the d-c arc, a high frequency high voltage 
generating device was constructed. The high frequency arc 
starter utilizes on 861 power tetrode in a Hartley oscillator 
circuit with a high L/C ratio self-resonant coil and auto- 
transformer to match the high impedance starting load (6). 

The auto-transformer configuration in the output circuit 
was found to be best suited for the changing load conditions. 
The tank-coil auto-transformer unit was wound of half inch 
copper tubing and was water cooled. Teflon tape was used 
to provide low loss turn to turn insulation. 


Supersonic Nozzle 


Efficient pumping (high ratio of pumping power to heating 
power) requires a gas velocity comparable to the traveling- 
wave speed. The wave speed of the line was measured and 
found to be 10° fps. Hence, supersonic velocity would be 
desirable at the entrance to the traveling-wave pump. 
The converging copper nozzle of the plasma source was 
therefore mounted to a separate diverging section. A quartz 
nozzle and cooling jacket were designed and purchased. The 
performance of the quartz nozzle has been satisfactory. Re- 
placeable throat inserts of boron nitride and tungsten have 
been incorporated in the nozzle design to permit area ratio 
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The traveling-wave coils were wound with ten layers 
around an ID of 43% in. 

Consider a line composed of two layers wound in opposite 
directions as shown in Fig. 4. The advantages of this type 
of line are: the losses are low because the inductance and 
capacitance are truly distributed—inductance, capacitance, 
and resistance per unit length can be chosen independently; 
the oppositely wound construction permits use of twice as 
many turns as with a single layer coil while maintaining low 
losses, thus making possible low values for c; the spacings 
b and a can be varied easily with length to obtain higher c 
while maintaining Zp) constant, thus permitting the con- 
struction of an accelerating line; the increased number of 
turns makes possible greater traveling B fields from given 
current in the line. 

For any transmission line (7) 


L 1 — jR./woL 
1 — jG/wC 
c¢ = propagation velocity = fr — 
C= 095 


The inductance per unit length is u(a/4)D?N? (henries/m) 
if the two windings are driven 180° out of phase; i.e., the 
two windings form a balanced line. 

The capacitance per unit length can be estimated by con- 
sidering the turns in adjacent layers as parallel connected, 
parallel wire capacitors of length 7D so 

2 
C(farads ‘m) = 


(d + b) cosh-!2 
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Fig.4 Line composed of two layers wound in opposite directions 


where ¢ is the constant of the dielectric separating the layers. 

The cooling water requirement for the total winding length 
of 6 ft was satisfied by making six 1-ft coils which 
had an average tube length per layer of 285 ft. The coils 
were wound with 0.063 X 0.041 copper tubing which had 
been insulated with teflon tape 0.001 in. thick. The final 
coated tubing was coiled at 186 turns per one-foot layer. 
The insulation between layers consisted of 0.020 in. teflon 
tape with 1 in. overlap, and the ends of the coils were 
potted with paraffin wax to suppress arcing across the ends 
of this tape. Assembly of three coils is shown in Fig. 5. 

The heat transfer and pressure gradient along capillary 
tubes can be calculated from the laminar flow equation given 
by McAdams (8). 

At 700 psi the capability is 890 w per layer with 160° 
rise, thus permitting operation at a Q of over 50. 


Measurement of Coil Characteristics 


The line speed was measured originally by applying a peri- 
odic pulse input to a terminated section of coil and observing 
the resulting “echo” with an oscilloscope. By varying the 
terminating resistance, the characteristic impedance could 
be determined as the resistance for most rapid damping. 
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for a=. 020" 
b=.002" 
Ke=2 
#*Ho 


3 
where Vp=C (2°) cosh +d)/d] D 


(numbers correspond to 


(calculated) 
layers) 


DIAMETER, D (inches) 


Vpy (ft/sec) 


The results of these measurements are plotted in Fig. 6 as 
circles. The characteristic impedance was observed to be 
500 ohm + 100 ohm, the minimum echo point being very 
broad. The above measurements were considered to be only 
qualitative because of the indeterminate effects of the circuit 
elements in the pulse generator upon the ringing frequency 
of the line segment. 

Also, at low signal levels it was suspected that the observed 
reflections were being carried by the fastest two layers (layers 
1 and 2) through interlayer coupling. This coupling gave 
the effect of all the layers being as fast as the fastest layer 
and greatly decreased the speed change as more layers were 
added in parallel. 

In order to refine the above measurements, a 2-ft 
length of coil was terminated in a 500 ohm resistive load 
(carbon resistors), and about 20 w of 25-ke power was 
fed into the line. The voltages at the line input and at the 
terminating load were displayed on a dual beam oscilloscope, 
and the time delay across the line was thus measured. The 
frequency spectrum was swept from 100 eps up to 50 ke to 
determine if the phase shift was more than one cycle. The 
time delay was 10 microsec/ft at 25 ke with slight increase with 
frequency; a maximum to about 12 microsec/ft being found 
at about 40ke. These measurements seem much more reliable 
because the line was actually transmitting power, more nearly 
simulating operating conditions. The termination load 
also insured that reflected signals be very much smaller than 
the transmitted wave. These results are plotted as triangles 
in Fig. 6 and more closely approach the theoretical values. 
It is to be noted that the decrease in line speed by paralleling 
many layers was not realized in practice, although the speed 
of a double layer counterwound helix reached the theoretical 
line speed exactly. 

The characteristic impedances of a four-coil section of line 
and six-coil section were measured at 25 ke with a Z angle 
meter. For four coils, Zo was found to be 430 ohm at —1° 
and for six coils to be 480 ohm at —2.5°. When ter- 
minated by 400-ohm resistive load, the four-coil line measured 
450 ohm at +1°, and when terminated by 525 ohm, the 
six-coil line measured 450 ohms +1°. These results 
seem in good agreement with the theoretical value of 500 
ohm in view of the difficulties inherent in standing wave 
and impedance measurements. 

For the 525-ohm load, two radio frequency amperes at 
25 ke were loaded into the line. The standing wave ratio on 
the line was measured with a dual beam oscilloscope and 
found to be less than 1.1. 

The field strength inside the tube has been measured by a 
small coil. The results indicate that the magnetic field within 
the tube, except near the ends of the tube, agrees w - the 
calculated field strengths. 
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quencies from 25 to 85 ke. 
- found by the approximate method for Class C amplifiers (9). 


and Measurement of Properties | 


by 


Fig.6 Phase velocity vs. coildiameter,twolayerline 


Radio Frequency Supply 


The RF supply for the traveling-wave pump was con- 
_ structed by modifying a Thermionic induction heater to 
- operate over a frequency range well below its design frequency 
of 400 ke. A resonant plate circuit was designed for fre- 
The design conditions were 


Aside from measurement of mass flow and electrical power 

to the plasma jet and static pressures at various points in the 
system, measurements of properties are very difficult. 

A total pressure probe was constructed having a large 

— inlet size to ensure that thermal creep (10) was unimportant. 


Presently, Mach number is determined from the Rayleigh 
¢ pitot formula, and temperatures from the estimated enthalpy. 


The value of the speed of sound can then be found, and hence 
the velocity. In making the calculations it is assumed that 
the static pressure is constant across the jet and equal to the 
tank pressure. 

The properties of the plasma jet have been measured by 
means of an enthalpy balance and by a Langmuir probe. 
There is a qualitative agreement; i.e., the electron tempera- 
ture is compatible with the estimated enthalpy of the gas. 
The Langmuir probe is very difficult to use near the arc due 
to fluctuation. At lower pressures the electron temperature 
tends to exceed the gas temperature. This observation is in 
accordance with other data (11,12). 

For the experimental conditions the pressure is not low 
enough so that the electrons can have much more than twice 
the gas energy; hence the departures from equilibrium are not 
beneficial. 

A typical set of measurements of the system is given in 
Table 1. 

If the flow is subsonic, the velocity is about one sixth the 
line speed. Consequently, the gas tends to be heated more 
than pumped (Table 1). The experimental results indicate 
the exit Mach number is decreased by about 0.1 due to heat 
addition. The results indicate that the reduction in total 
head that would be expected in heating is not measured. 
Consequently it is inferred that some kinetic energy is added. 

The heating of the gas also indicates a coupling. The high 
line speed causes inefficient pumping due to excessive slip 
between wave velocity and gas velocity. > 


Applications 4 


The obvious applications of the traveling-wave pump are 
to wind tunnel propulsion, thrust generation, and energy 
conversion. The use of the machine as an energy conversion 
device is attractive because it offers the possibilities of generat- 
ing an alternating current. 

As a propulsion device, it can be shown that if the flow is 
fully expanded, then the increase in thrust due to pumping is 
just equal to the increase in thrust due to addition of energy. 
That is, if the chemical energy is Aes, the thrust due to this 
energy addition (M slug/sec of gas) 


= 


and if an energy Ae, is added by pumping 


= MV2(Ae. + Aep) 


How- 
ever, the weight of the equipment required to generate this 
power is of the order of ian thrust, if one talks in thousands 
of pounds. 


The amount of thrust that can be obtained is large. 
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Table 1 Experimental Data 
Mach 
d-c stage RF stage m number 
Run Volts Amps Volts Amps Frequency Gas Po, psia ps, psia Ibm xX 10%? 
10/20-1 150 100 helium 0.11 0.05 0.074 1.05 
10/20-2 120 130 helium 0.17 0.07 0.130 1.15 
10/20-3 155 125 cas ar ery helium 0.16 0.08 0.120 0.945 
10/20-4 150 120 760 + 44 ke helium 0.15 0.08 0.116 0.90 
10/20-5 150 120 helium 0.15 0.07 0.116 1.05 
Conclusions The solutions inside and outside the coil are related by 


It may be concluded that a weak interaction can give rise 
to a measureable coupling between the gas and the magnetic 
field. While data on this device are very sparse, the results 
indicate that the application is not impractical, even though 
good performance lies in the future. 

Analysis 


Appendix: 


As a first approximation consider a circular tube that is 
infinitely long. The magnetic field results from a coil sym- 
metric with the tube. The following primary assumptions 
were made: (a) approximate electrical neutrality; (b) the 
magnetic Reynolds number cyl will be small; (c) material 
properties are constant; and (d) polarization, displacement 
currents, and Lorentz currents will be neglected. 

The electrodynamic equations, in the magnetohydrody- 
namic approximation are 


= wt 
curl E = — [A-1] 

of 

curl H = 
divj = 0 [A-4] 


The boundary conditions will be set forth below. 

Eq. A-3 can be satisfied identically if B is derived from a 
vector potential A; i.e. 
B=cwlA 
By substitution of Eq. A-5 into Eq. A-1 and integrating the — 
curl it can be shown that _ 


[A-5] 


—V¢ [A-6] 
The last term on the right-hand side is the emf due to a po- 
tential which is externally applied, or is the consequence of 
Eq. A-4, or results from the boundary conditions. 
The Ohm law in the fluid takes the form 


j = +0 XB] [A-7] 
Eqs. A-5, A-6, and A-7 may be substituted into Eq. A-2 and 
after using the constitutive equation B = ywH, the basic equa- 
tion for A takes the form for the fluid . 


oA 
v X curl A 


curl curl A = ou | - 


and outside the fluid and tube the governing equation is 


] 


and, assuming a traveling current sheet, Jo exp [i(kz — wt) Jas 
of thickness 6 acting in the coil 


ad, X [Bo — B:] = udJo exp [i(kz — [A-10b] 


The first condition is that the normal component of B is 
continuous across the boundary, and the second condition 


relates the change in tangential B to the current flux in the 
sheet. Since the walls are assumed to be nonconducting, 
the boundary condition is, neglecting space charge 


— = 0 [A-Ila] 

X — = [A-11b] 
and q 


It is assumed that a traveling wave is excited in the tube; 
hence the time part of A has the form exp [i(kz — wt)]. 
Here w is the applied frequency and k is the propagation con- 
stant. If the B field has azimuthal symmetry, which is com- 
mon at low frequencies, the vector potential takes the form, 
if @g is a unit a7imuthal vector 


A = Ag(r) exp [i(ke — wt [A-12] 


and so 


curl (- ited, + rAd.) exp — wt) [A-13] 


As long as the velocity is primarily avial, i.e., v = v(7,z)a,, 


the v X B term in Eq. A-8 is —ikvAg exp [i(kz — wt) ]ds. 
Further it will be noted that the left-hand side of Eq. A-8 

can be written as (—V?2 + (1/2))A. This suggests that inside 
the tube Ag has the form J,(xr), where x is a complex constant, 
and /, is the Bessel function of the first kind with an imagi- 
nary argument. These comments and Eq. A-13 lead to the 
form 


(—K? + Ci (kr) exp (kz — wt) = = 


Ci\(xr) exp t(kz — wt) 
Cil(«r) exp — wt) [A-14] 
7 Outside the coil the solution takes the form 
: (—x? + k*)C2Ki(kr) exp i(kz — wt) = 0 [A-15] 


Here the solution requires that x = k; the function K, is 
the Bessel function of the second kind with imaginary argu- 


ss ment. This function satisfies the conditions that the wave 
curl curl A = 0 [A-9] vanish as r ~ o and shows that outside the tube kx = k = 
1257 
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w/c. The parameter c is the propagation speed of the wave 
This solution is a “quasi-steady” approxi- 
mation and is valid whenever (c?/eu) « 1, & being the per- 


along the line. 


mittivity of free space. 
The propagation constant x in the tube can be computed 


from Eq. A-14 after the value of V¢ is computed. By ui 


of Eqs. A-4, A-6 and A-7 


div j = div [E + 6 x B] = 
div |- 
Hence ¢ is the solution of poe 
div A + B-curl — 6-curl A 
ot 


or since B-curlv=0 
= (ie Ae — exp [t(kz — wt)] [A-18] 


so V¢ has only radial and axial components; thus Vo-ds = 
0. So the equation for x is the solution of, if v is a slowly 
varying function of r 


© 
k= + iouk(v — c) [A-20a ] 


k? + op{ike} — x? — iopw = 0 [A-19 ] 


and if oyv is small 

where k = w/c as before. 


corresponds to the wave propagating in the z direction. 
The imaginary part of x represents the power taken from 
the magnetic field and fed into the gas at the point where 
the velocity is v. 

The boundary conditions allow the values of the constants 
C; and C; to be calculated. Finally, then, inside the tube 
of radius R 


The approximation 


, 
c=" 4+iFw-o) 
c 2 


| 


K,(kR)I,(xr) wsin (kz — wt) 


Ein = 
— Ko(xR)Ii(xR)] (1 + 
[A-24] 
impedance of the tube and plasma 
Z= Zo cuN 
— (1 + 174") 
[A-25] 
The second complex term in the right-hand side is the change 
in the impedance due to the plasma in the tube. The im- 


pedance of the tube and plasma can be approximated easily 
in two cases 


mucN xR? vores 
KR <1 
(1 (2 — (xR)? In xR) 
[A-26] 
Case 2 
ouR 


The factor u ~ average velocity can be included to show 


its effect on x. Note in case 1 the effect of the plasma is to 
increase the inductive load. As the size of the tube is in- 
creased, the plasma begins to act in a more complicated way 
and for large tubes (case 2) the behavior is definitely capaci- 
tive. 

The force acting in the plasma is given by j X B. Note 
that in carrying out the calculation, one must use the real 
part of j and B. The axial force is calculated from the axial 


part of Re(j) X Re(B) in terms of a characteristic constant C; 


uNIK,(kR) 
i «(R) [Jo(kR)K,(kR) Ko(«R) } + | 
exp [i(ke — wf) Jag 
.opR Ov C3(kR) C3(kR A-31 
shat and the axial force is 
[A-22b ] 
27,2, in2 om - 
where N/ is the rms ampere turns per unit length. ouC;"1,*(kr)(c — v) sin? (kz — at) [A-32 J 
The next step is to calculate the impedance. It is as- The longitudinal momentum equation is 
sumed, the coil alone has a known impedance Zp, which can dp 
be calculated from its geometry. The induced emf, inside (= ( ) 
the tube is oz +49 car * + 
— v) sin? (kz — wt) [A-33] 
Fina real part at [A-23] For a relative performance calculation denote the average 
magnetic field speed as v,, and the field weighted average 
Saget) ; lfr , gas speed as 5, then the fraction of energy absorbed by the 
* A better approximation to « is « = +- 7 Vk? + iouk(v —c) gas that is used for pumping is 5/v, and the rest goes into 
dr. heating the gas; this is just (1 — 0/v,,). Further, the ability 
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i 
4 
4 
~ 
» 
= 
+i (u—c) [A-28 ] 
Cc 9 
: 
3 


of the gas to absorb energy, per unit length, is given in terms 
of a parameter 6 that is defined as 


The fraction of the power in the traveling-wave line that goes 
into the gas is [1 — exp (—8z)]. The pumping power is 


Pp = Pr: (1 — exp [—Ko(1 — 0/vm)z]) —[A-35] 


It is clear that some sort of optimum exists, for the power 
input factor approaches zero when there is no slip. If the 
pumping power is considered as a function of 0/vm, then 


there is an optimum value of « for each value of 5/v,. In gen- 
eral 6/vm satisfies the equation 
1+ ko = exp [ko(1 — 0/vm)] [A-36 ] 
m 
This equation has a root of 6/v, = 0.57 when xo is unity and 


has the limiting forms for the roots wc 


aS Ko > 0 and 


This function is plotted in Fig. 7 

The simple analysis indicates that for the most pumping 
the parameter 8 should be large, the optimum value of 8 being 
In x. An examination of the terms that make up ko leads 
one to conclude that for fixed geometry it is desirable to have 
the highest possible electrical conductivity. Alternately 
the product (Nw)?/Z) may be maximized. ‘These terms are 
related to a particular geometry. In considering any par- 
ticular geometry the ratio of the ohmic power losses in the 
gas to those in the coil becomes important, and if ko is made 
large by increasing o, the ohmic losses in the gas approach 
the losses in the line. It should be noted that it is not always 
desirable to have the value of ko too large because a very large 
ko implies that the magnetic field cannot penetrate too deeply 
into the plasma, but rather the plasma is mostly shoved out 
of the way; at the end of the pumping coil the part of the 
plasma which the field has penetrated experiences difficulties 
in escaping from the field. 


©, 


Nomenclature whe 
A = vector potential —-|> - 
a = layer to layer separation 
= . . . . 
B = magnetic flux density (induction) vector _ ° 
b = turn to turn axial separation 
C = capacitance or capacitance per unit length 
C),C2,C3 = constants defined in the text 
c = wave speed = phase velocity of transmission line — 
D = mean coil diameter 7 
d = conductor outside diameter 
E = electric field 
F = force per unit volume 
J; = frequency 
G = conductance per unit length of pumping coil (trans- 
mission line) 
9o = acceleration due to gravity =e go 
= 
H = magnetic field intensity 


h = enthalpy 


ho = stagnation enthalpy 
I = electric current in coil 
I, = Bessel function of first kind of nth order with imagi- 


nary argument 
i = V-1 
= current density 
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Pumping Power = Total Power x 4 f -e -B2) 


/ 


~ 
m Ko 


| 


che 4 2 wen 


where Ko= 


10 100 


Ko 


Fig. 7 Curve of best ° for pumping at fixed x, 
Um 


= Bessel function of the second kind of nth order with 
imaginary argument 

= real propagation constant in the coil = w/e = 27/X 
(k is assumed z only, wave propagating in z direc- 
tion) 

= inductance or inductance per unit length 

= mass flow rate 

= coil winding turns per unit length 

= power fi 


= pumping power per unit volume (F -v) 
= total power per unit volume (pumping and heating, 


+ (j?/c)) 
= fluid pressure 
= total pressure 
= static pressure 
= resonant system quality factor = 
_energy stored per cycle 
energy dissip: ited (per cycle) 
= outer radius of anulus or pipe radius or electrical 
resistance 
= resistance per unit length of coil 
= magnetic Reynolds number = yolv 
= velocity vector 
= field weighted average fluid velocity 
= average magnetic field speed; for coil only vm, = ¢ 
= characteristic impedance of pumping coil (trans- 
mission line) 
= attenuation constant of pumping coil; 
line = kg (1 (0/Um)) 
= permittivity 
= permittivity of vacuum 
= fluid viscosity 
= complex propagation constant in the plasma de fine d 


transmission 


oR*( uN )? wr 
= wavelength 


= magnetic permeability 
= magnetic permeability of vacuum © 
= fluid density = 

= electrical conductivity 

= scalar electric potential 

= potential outside coil __ 
= potential inside coil 

= angular frequency 


Vectors and Coordinates 


_ Fusion, Addison-Wesley, 1958, p. 46. 
7 2 Thonemann, P. C., Cowhig, W. T. and Davenport, P. A., 


r,0,z = cylindrical coordinates (z distance along tube axis) 
= unit vectors 

X = vector quantity X a. 
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posite material strength. 
and also for the stress distribution. 


efficiency. 


analyze other systems. 


IBER geometry of a composite material is here defined to 

include the length and cross-sectional area of the fiber as 
well as the orientation of the fiber in the matrix. Practically 
all the fibers presently used have a circular cross section, 
although there is some interest in drawing more complex 
shapes such as diamond, cross and star shapes (16).2 A 
preliminary analysis to determine the minimum fiber length 
required to develop full fiber strength indicated that for cur- 
rent fiber diameters (0.0004 in.) and matrix shear strengths 
(1000 psi), minimum fiber length is approximately one- 
quarter inch. The additional peripheral area provided by 
other cross sections does not appear to be required. There- 
fore, the analysis of the influence of glass fiber geometry on 
composite material strength will be confined to a study of the 
effect of continuous or discontinuous fibers and their orien- 
tation in the matrix. 


In order to analyze the effect of fiber geometry on composite 
strength, the fundamental mechanics of composite theory 
need to be reviewed. Therefore, a relationship will be de- 
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This paper reports the results of a study to determine the effect of glass fiber geometry on com- 
Equations are derived for the load distribution in a composite material 
To determine the effect of fiber geometry, epoxy resin compos- 


These same composites are analyzed for glass fiber 


In general, this type of analysis 
No attempt was made here to 


v 

rived for the load distribution in a composite and the proper- 
ties of the individual materials. Also a relationship will be 
derived for the stress in the fiber and the stress in the com- 
posite. Outwater (1) and Swica (2) have made similar 
derivations. The derivations will be based on the following 
assumptions: 


1 Stress is proportional to the strain in both materials. 

2 Both materials are securely bonded together so they are 
strained an equal amount under load. 

3 The fibers are straight, continuous and aligned with the 
axis of the applied load. 

4 The materials are homogeneous and isotropic. 


From assumption 1 


From assumption 2 


Since load is equal to unit stress times area, the load on the 
fiber is 


P; = = [3] 
and the load on the matrix is ieee 
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o = He [1] 


18 
Eq. 5 can be written as nT 
P. ~ 1+ En/E; — 1) 


The ratio of the fiber stress to composite stress can be deter- 
mined by dividing the fiber and composite loads by their 
respective areas, thus 


oy _ 1 


[7] 


Therefore, it can be concluded from Eq. 6 that the percentage 
of the applied load carried by the fiber is a function of the 
relative moduli of the matrix and fiber, and also a function 
of the area of fiber resisting the applied load. The same 
statement is true for the ratio of the stress in the fibers to the 
stress in the composite. Fig. 1, a plot of Eq. 6, shows the 
load distribution in the fiber and matrix for different E,,/E, 
values and the effect of Ay on composite strength. Fig. 2, 
a plot of Eq. 7, shows how the stress in the fiber increases as 
the E,,/E, decreases and A, decreases. These plots will be 
referred to again later in this discussion. 


Effects of Fiber Discontinuity and Orientation 


The theoretical load distribution between the fiber and the 
matrix has been shown (Fig. 1) to be a function of modulus 
and area of the materials. The ability of the matrix and the 
fiber to transmit an applied load is dependent upon the shear 
strength, area of the matrix, the bond between the matrix 
and the fiber, and fiber continuity parallel to the applied load. 

Continuous fibers, such as in filament winding, cross lam- 
inates and cloth laminates, can transmit the applied load or 
stress from the point of application to the reaction via a con- 
tinuous load path. If the fibers are not continuous between 
the load and the reaction, the matrix must transfer the load 
from one fiber to the next fiber at the points of discontinuity 
as shown in Fig. 3. Fiber continuity also affects the type of 
failure of the composite. With continuous fibers, it can be 
assumed that failure will ultimately occur by fracture of the 
fibers. Discontinuous fibers, on the other hand, can have 
three other types of failure: fracture of the resin at a weak 
net section; shear failure in the matrix at the points of dis- 
continuity of the fiber; and failure of the bond between the 
fibers and the matrix. 

Fiber orientation can be categorized either as alignment of 
the fiber with the axis of the load, or as random orientation. 
Where the fibers are aligned with the load axis, the fibers 
have the full fiber area both to resist the load and to provide 
a direct load path from the load to the reaction. Where the 
fibers are randomly oriented, less than the full fiber area 
resists the load and there is not a direct load path. 


— 
Analysis of Reinforced Plastics 


Using the equations derived earlier, the five types of re- 
inforcement in reinforced plastics can be analyzed to deter- 
mine the effect of glass fiber geometry on composite material 
strength. The theoretical composite strength is defined as 
the sum of the strengths of the fiber and matrix materials. 
This can be written as ine 

Ay Fy + Apt os i [8] 


or when the composite is assumed to have a unit area 


PF, = + 
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—_ Fig. 3 Load transfer in discontinuous fibers 
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Fig. 1 Plot of the ratio of fiber load to composite load as a 
function of modulus ratio and fiber area 
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Fig. 2 Plot of the ratio of fiber stress to composite stress as a 
function of modulus ratio and fiber area 
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. The ratio of the load carried by the fibers to the applied load = ==———: . 
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As shown in Figs. 4a and 4b, the maximum elongation of 
glass fibers and epoxy resins are about equal, and Eq. 8 is 
valid for epoxy glass fiber composites. Also, from Figs. 4a 
and 4b, it can be assumed that F,, = 10,000 psi. The com- 
posite efficiency is the ratio of the composite strength as 
tested to the simple composite theoretical strength expressed 
in per cent. Thus 
Test strength « of the 


« 


Theoretical composite strength 


100 (9] 


The ‘effective fiber stress can be determined from the load in 
the fiber and the fiber area. The percentage of the ap- 
plied load which is carried by the fiber is dependent upon 
E,,/E,;and Ay This can be determined from Fig. 1. This 


load divided by the fiber area is the effective fiber stress. 
Thus 


x Pes Test strength of composite 


ctive) = A [10] 


% 


1 


5 
UNIT STRESS - KS/ 


2o 30° 40 $0 


x 
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Typical stress-strain curves, glass fiber 


Fiber efficiency can now be defined as the ratio of the devel- 
oped fiber stress to the base strength of the fibers. Thus 


Developed fiber stress 
Base fiber strength 


Fiber efficiency = x 100 [11] 


Composite efficiency is based upon the total glass content 
_ plus the total matrix content, whereas fiber efficiency is based 
on the glass area oriented in the load direction. 

The average strengths of glass fibers in its several common 


forms are approximately 


i Single filament: 500,000 psi 
- Single glass roving: 400,000 psi 
Glass strands: 250,000 psi 

For the basis of comparing fiber geometries, the base glass 


(as woven into cloth) 
strength will be assumed as 400,000 psi for glass roving. 
Single glass filaments are not practical to handle, and glass 
strands as used in cloth have undergone the first phase of 
fabrication. 

Based on this, the results are tabulated in Tables 1 and 2, 
and are determined as follows: First, the typical composite 
strength is changed to load on a unit cube of the composite as 
shown in Fig. 5. Next the load (lb) is distributed to the 
fiber and the matrix by the relationship of E,,/Ey, and A, 
resisting this load. Finally, the composite efficiency and the 
fiber efficiency are determined by Eqs. 9 and 11. 

As an example, the filament wound composite is analyzed 
as follows: 

For Ww fibers in te nsion the theoretical compos- 


Fig. 5 Sketch of fiber load and fiber stress relationship 
ARS JourRNAL 


= 
‘Fig. 4a Typical stress-strain curves, epoxy resin (17) 
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it Table 1 Composite efficiency of reinforced plastics 
Com- 
Types of fibers Fiber % 
and flake com- orien- Fiber- (see Eq 
ee posites tation length? Ayr 18) 
Filament wound Con 0.77 0.23 ~—-310, 000 180,000 (5) 58.0 
Cross laminated 4 Con 0.48 0.52 197,000 72,500 (6) 36.8 
« 
Cloth laminated Pree Con 0.48 0.52 197,000 43 ,000 (7) 21.8 
Mat laminated fasts Con 0.48 0.52 197 , 000 57,200 (6) 29.0 
Chopped fiber systems Baar N.Con 0.13 0.87 60,700 15,000 (8) 24.7 
Glass flake composites N.Con 0. ” 165, 500 20,000 (9) Ba 
*Con = continuous. N.Con = noncontinuous. 
© Feneoretical = + AmF'm, = 400,000 psi, F,, = 10,000 psi. 
© Typical test data; numbers in parentheses indicate to References at end of paper. > o_ 
* Composite efficiency = test strength of composite/simple theoretical composite strength. _ 
Table 2 Fiber efficiency of reinforced plastics 
~» % orien- Fiber* fiber effi- 
Item tation length A; P;/Pe stress‘ ciency 
Filament wound fibers as Con 0.77 1.00 180,000 (5) 234 ,000_ 58.5 
Cross laminated fibers race Con 0.24 0.90 72,500 (6) 272,000 68.0 
Cloth laminated fibers feral oe Con 0.24 0.90 43 ,000 (7) 161,000 40.5 
Mat laminated fibers era Con 0.20 0.88 57 , 200 (6) 252,000 = 63.0 
>. = 
Chopped fiber systems Ee N.Con 0.043 0.38 15,000 (8) 132,000 33.0 
Glass flake composites N.Con 0.70 28,30 7.0 
* Con = continuous. N.Con = noncontinuous. 
’ Typical test data; numbers i in parentheses indicate to References at end of paper. a ai — 
Effective fiber stress = P,/P. X test strength of composite/A ;. 


4 Fiber efficiency = effective fiber stress /base fiber strength. 


ite strength is 

ite strength is (effective) = 1:0 = 234,000 psi 

+ AmFm = 0.77 (400,000) + 0.23(10,000) 


310,000 psi 
> rq { 


P,; _, Test strength of composite sci 180,000 
oy (effective) = p. Composite = 310,000 X 100 = 58.0% 
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and the fiber efficiency is 


Developed fiber stress 
Fiber efficiency = 400,000 X 100 = 58.5% 


Results 


Table 1 shows that filament wound fibers form the most 
efficient composite, and that composite efficiency goes down 
as fiber orientation is changed from unidirectional to random 
orientation. It appears that bending the fibers by weaving 
them into cloth imposes the most severe recuction in efficiency. 

The maximum glass fiber efficiency in tension is approxi- 
mately 65%; about the same fiber efficiency is developed by 
filament winding, cross laminates, and mat laminates. This 
can be expected on the basis of straight continuous fibers. 
When the straight, continuous fibers are deformed or bent, 
such as when woven into a cloth laminate, the fiber efficiency 
goes down. Due to the discontinuous fibers and random 
orientation, the glass fiber efficiency of chopped fiber systems 
is extremely low. It could be concluded that since only 33% 
of the glass strength is developed, 67% of the base glass 
strength is wasted. 

This analysis could be improved by increasing the amount 
of data used to determine efficiencies. However, increasing 
the amount of data would complicate the analysis without 
increasing the accuracy by a large margin, and so the assump- 
tion that the data is typical seems a valid one. Qualitatively, 
the results seem to bear out the arguments presented earlier 
on the effect of fiber geometry on composite strength. 


Effect of Fiber Geometry on Other Composites 


Five parameters are used in Eqs. 9 and 11 to determine the 
composite efficiency and the fiber efficiency of reinforced 
plastics. These are modulus ratio E,,/E,;, total area of fiber 
Aj, area of fiber in the load direction Ay, base fiber strength 
F’;, and base matrix strength F,,. 

In addition to these explicit parameters used in the analysis, 
there are some implicit parameters which will affect the com- 
posite and fiber efficiency of other composites. 

The three main implicit parameters are the bond stress 
between the fiber and the matrix, the matrix shear stress, and 
the length of fiber overlap. These are not considered param- 
eters for reinforced plastics where fiber lengths exceed one 
half inch. In other composites employing larger diameter 
fibers and lower strength materials, these parameters may 
affect the composite and fiber efficiency. 

The remaining implicit parameters are the sensitivity of 
glass fibers to handling during fabrication and the brittleness 


Table 3 Potential fiber materials 
Tensile Mod. of 
strength, elasticity, 
Material psi Ref. 
Wires 
molybdenum | Pat, 225,000 42 x 108 (10) 
tungsten 300,000 X 108 (11) 
tantalum 180,000 27 x 10 (12) 
columbium 100,000 16.5 x 108 (13) 
steel 450,000 29.0 x 108 (14) 
Whisker materials 
iron whiskers 1,900,000 29.0 x 10® (15) 
aluminum oxide 1,800,000 42.0 x 10® (15) 
sapphire whiskers 1,700,000 74.0 x 108 (15) 
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a three groups of fiber materials. 


are brittle, they are sensitive to handling which cause abrasion 


of glass fibers. These two parameters influence the mag- 
nitude of the composite efficiency and the fiber efficiency of 
- Tables 1 and 2. Increased handling of the fibers and twisting 


or bending the fibers reduce both the composite efficiency and 
the fiber efficiency. 


Ceramic fibers, whisker materials, and metal filaments are 
Ceramic fibers have the 
same general characteristics of glass fibers in that the fibers 


and with increased handling they decrease in strength 
Therefore, assuming the fiber matrix relationship of ceramic 
fibers in a matrix are the same as that of glass fiber plastic 
resin composites, it is probable that about the same com- 
posite and fiber efficiencies would be achieved. Ductile 
ceramic fibers, on the other hand, would probably result in 
higher composite and fiber efficiencies. 

The typical properties of three whisker materials are listed 
in Table 3. Whisker materials in general are supersensitive 
to handling which contaminates the single crystals of the 
material. In addition, the short fiber lengths of whiskers 
confine their use to chopped fiber systems. These two points 
indicate that both the composite and fiber efficiency of whisker 
materials may be extremely low. It seems probable that 
methods will be developed to control the handling sensitivity 
of whiskers, but an increase in available lengths is necessary 
to utilize the full fiber strength. Increased fiber strength 
requires more fiber overlap to develop both bond strength and 
matrix shear strength. 

The typical properties of several finely drawn metal wires is 
listed in Table 3. Of these five metals, steel and molybdenum 
are the most ductile, whereas tungsten is very brittle. It 
seems probable that using very brittle tungsten filaments in a 
composite may result in composite and fiber efficiencies com- 

parable to those of glass fibers. These filaments would 
esa be sensitive to handling much the same as glass 


filaments. On the other hand, the use of ductile metal fila- 


ments may yield composite and fiber efficiencies higher than 
those of glass filaments since they would be neither as sensi- 
tive to handling nor exhibit brittle behavior. 

In general, the effect of fiber geometry on composites other 
than glass fibers and plastic resin should be about the same 
except that the magnitude, depending on the handling sensi- 
tivity and the brittleness of the fibers, will be changed. 
Both composite efficiency and fiber efficiency should be higher 
for ductile fibers than for brittle fibers. 


Summary 


The effect of glass fiber geometry on composite material 
strength has been investigated by a rational analysis of five 
fiber geometries used in reinforced plastics. Fiber geometry 
has been briefly scrutinized by considering the fundamental 
mechanics of composite materials and the manner in which 
the fibers transmit load through the matrix. To some ex- 
tent, the magnitude of the effect of glass fiber geometry on 
composite strength has been determined by calculating typical 
composite and fiber efficiencies for the five fiber geometries. 
Typical composite efficiencies are as follows: filament wound 
fibers, 58%; cross laminated fibers, 37%; cloth laminated 
fibers, 22%; mat laminated fibers, 29%; and chopped fibers, 
25%. Straight, continuous fibers develop the highest com- 
posite and fiber efficiencies while discontinuous, randomly 
oriented fibers develop the lowest efficiencies. 

The effect of fiber geometry on composite strength for other 
composites will depend to some extent on ductility of the 
fibers. Brittle fiber materials should exhibit about the same 
efficiencies as reinforced plastics, whereas ductile fibers will 
probably exhibit higher efficiencies. 


Nomenclature 


A, 


area of composite, sq in. 
total fiber area, sqin. 
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2 Swica, J. J. and others, ‘‘Metal Fiber Reinforced Ceramics,’’ WADC 


= area of fiber in load direction, sq in. 

Bio of matrix, = sia 3  Sonneborn, R. H., Fiber Glass Reinforced Plastics, Reinhold Publish- 
= fiber diameter, in. "ing Corp., N. Y., Ist ed., 1954. 

= modulus of elasticity of composite, psi (tension) —— 4 ‘Materials Selection,” Materials in Design Engng., vol. 50, no. 5, 


Mid October 1959. 

5 Boeing Airplane Co., ‘‘Allowable Design Stress,’’ unpublished data. 
7 6 Donaldson, A. L. and Velleu, R. B., ‘‘Directionally Reinforced Plas- 
Pan ties,’’ Modern Plastics, vol. 35, no. 2, October 1957. 
7 Bowditch, W. R. and Johnson, E. L., ‘Investigation of the Effect of 


= modulus of elasticity of fiber, psi (tension) 
= modulus of elasticity of matrix, psi (tension) 
= base strength of the fiber, psi 


F,, = base strength of the matrix, psi 
az = a, . 3lass Fabric Geometry on the Strength Properties of Low Pressure Glass 
F. theoretic al composite stre ngth, Fabric Base Structural Laminates,’’ WADC Tech. Rep. 56-270 ,May 1957. 
h = height of shear plane, in. ; 8 Plastics Properties Chart, Modern Plastics, Encyclopedia Issue 1961, 
L, = length of shear plane and required overlap of fibers - September 1960. 
P, = load on composite, lb : f 9 Rugger, G., ‘‘Glass Flake Laminates,”’ SPE J., vol. 13, 1957, p. 35- 
7 Metallwerk Pl Reutte, Tyrol A ia. al (11) 
ungsten, Metallwerk ansec, eutte, yrol : ustria. also, see . 
Pn = load ss matrix, Ib Z 11 Defense Metals Information Center (DMIC) Rep. no. 127, March 15, 
oe = unit stress in composite, psi 1960. 
of = unit stress in fiber, psi 12 ‘‘The Metal Tantalum,” Fansteel Metallurgical Corp., 1953. 
om = unit stress in matrix, psi Pd Yntema, L. F., ‘“Columbium,’’ Metals Handbook, Amer. Soc. for 
& = unit strain of fiber, In./in 15 Hoffman, G. A., “‘The Exploitation of the Strength of Whiskers,’”’ 
ém = unit strain of matrix, in./in. Rep. P-1294, 1958, Rand Corp., Santa Monica, Calif. 
16 ‘‘New Shape for New Fibers,” anonymouse, Product Engng., Septem- 
ber, 1960, p. 9. 
References 17 Kyte, R. M. and Pollman, D., ‘‘The Effect of Resin Systems on the 
Strength of Filament Wound Glass Fiber Composites,’’ presented at the 
1 Outwater, J. O., Jr., ‘‘The Mechanics of Plastic’s Reinforcement in ARS 15th Annual Meeting, Washington, D. C., Dec. 5-8, 1960, (ARS 
Tension,’’ Modern Plastics, vol. 33, no. 155, 1956, preprint 1581-60). 
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Use of Binary Light Metal Mixtures 
and Alloys as | 

Additives for Solid Propellants 


United Aircraft Corp. 
East Hartford, Conn. 


Studies are described of the use of binary light metal mixtures and alloys, rather than pure metals, 
as additives for solid propellant formulations to increase performance and burning rates. It is 
shown that appreciable increases in theoretical performance can be obtained through the use of 
binary metal additives rather than single metal additives with a dual oxidizer system, such as 
NH,CI1O;. For example, the theoretical specific impulse of a system composed of 15% hydrocarbon 
binder, 70% ammonium perchlorate, and 15% metal additive is increased by approximately 6 sec 
when a bimetal additive of lithium-beryllium is used rather than a pure beryllium additive. The 
maximum theoretical specific impulse for each metal system is obtained in an oxygen-halogen oxi- 
dizer system when the amount of the metal having an affinity for halogens (e.g., lithium) and the 
amount of the metal having an affinity for oxygen (e.g., beryllium) are present in approximately 
stoichiometric proportions with the available halogen and oxygen in the oxidizer and binder. The 
results of the specific impulse calculations are evaluated in terms of payload delivery capability for a 
representative rocket powered missile as a function of both the specific impulse and the propellant 
density. The payload delivery capability for a number of propellant systems employing bimetal 
additives are found to be superior to those of the systems employing the pure metals even though 
the density of the bimetal system is less than that of a system containing an equal weight of the 
denser metal constituent in a pure form. Experimental studies of the combustion characteristics 
of pure metals (Al, Mg, B, Si) and metal alloys (Al-Mg, Al-Si, Al-Li) burning in air are described, 
and data on burning times are included. Theoretical considerations are also discussed to explain 
variations in burning times with alloy composition. 


: Presented at the ARS Solid Propellant Rocket Conf., Salt Lake City, Utah, Feb. 1-3, 1961. 
_ 1 Supervisor, Chemical Kinetics Group, Propulsion Sect. Member ARS. 
2 Chemical Kinetics Group, Sect. Member ARS. 
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IGHT metals, such as aluminum, have found extensive 
use as additives for solid propellant formulations used to 
increase specific impulse and combustion stability (1).* 
In solid propellant formulations using dual oxidizers, (e.g., 
ammonium perchlorate, which produces both oxygen and 
chlorine upon decomposition), it might be expected that per- 
formance increases could be achieved if two light metals 
were added to the formulation: one which preferentially 
combines with one oxidizer, and a second which preferentially 
combines with the other. Those metals having low atomic 
weights and high heats of formation when combined with 
the oxidizer under consideration would produce the greatest 
specific impulse improvement. 

The investigations described herein were conducted to 
establish the specific impulse and density characteristics of 
a representative solid propellant formulation containing 
various binary metal additives, and to obtain experimental 
data regarding the burning characteristics of typical alloys. 


Theoretical Performance 


Various binary light metal additives were screened on the 
basis of the following factors: (a) atomic weight and molar 
heat of formation with the oxidizers under consideration, 
i.e., heat of formation per gram; (b) oxidation preference 
of the metals; and (c) relative proportions of the binder, 
oxidizer, and metal additives in the formulation from con- 
siderations of stoichiometry. Detailed specific impulse 
calculations were then performed for those systems which 
appeared promising from the initial screening. 

Fig. 1 presents the heats of formation per gram of various 
metal oxides and chlorides. From such a plot, the metal com- 
binations which would be expected to produce high per- 
formance can be ascertained. For example, the heats of 
formation obtained when beryllium is reacted with oxygen 
and chlorine to form BeO and BeCl, indicate that a higher 
heat of formation could be obtained from a binary mixture 
of beryllium and any of the metals above the BeCl, line in 
Fig. 1 if the beryllium preferentially reacts with the oxygen 
rather than the chlorine. Lithium and beryllium appear to 
be the most attractive combination from the standpoint of 
energy content. Fig. 1 indicates that with an ammonium 
perchlorate oxidizer, the highest performance would be ob- 
tained with the lithium-beryllium combination if the beryllium 
could be made to combine with the available oxygen, and the 
lithium could be made to combine with the available 


’ Numbers in parentheses indicate References at end of paper. 
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‘BIR me 1 Heats of formation at 298 °K 


chlorine, because BeO has a higher heat of formation than 
LixO, and LiCl has a higher heat of formation than BeCl. 
A similar argument could be prepared for any dual oxidizer 
system, such as F-O or N-O, irrespective of whether both 
oxidizers occur in the same molecule or in separate molecules. 

The energy liberated in systems comprised of ammonium 
perchlorate and binary metals varies, depending upon which 
of the metal additives combines with the available oxygen 
and which combines with the available chlorine. The oxide 


edema Table 1 Heats of reaction and average molecular weights of products for simplified stoichiometry 

4 erento Reactants at 298 °K, products at 1600 °K (assumed gaseous unless indicated otherwise) 

= Avg. Heat of 
Binary Heat of molecular reaction, 

metal ae Simplified reaction stoichiometry neglecting reaction, weight of Kceal/gm of 
additive ~ binder and dissociation Keal/gm mol _ products product 
Be-Li NH,ClO, + 4Be + Li ~ 1/2N, + 2H: + 4BeO(s) + LiCl(/) — 495.81 21.40 —3.09 
Be-Mg + 4Be + 1/2 Mg — 1/2N2 + 2H: + 4BeO(s) + 1/2MgCh (1) — 497 .60 23.66 —2.90 
Be-Al NH,CIO, + 4Be + 1/3 Al— 1/2N2 + 2H: + 4BeO(s) + 1/6ALCl. — 471.14 24.40 —2.90 
Be-Ca NH,CIO, + 4 Be + 1/2 Ca— 1/2N. + 2He + 4BeO(s) + 1/2CaCl.(1) — 501.90 24.78 —2.89 
Be NH,CIO, + 9/2 Be > 1/2N2 + 2H: + 4BeO(s) + 1/2 BeCl, e-4 58 22.58 —2.86 
Be-B NH,ClO, + 4Be + 1/3B—> 1/2N2 + 2H; + 4BeO(s)+1/3BCh —445.77 23.00 —2.84 
Be-Si NH,ClO, + 4Be + 1/4Si— 1/2N: + 2H: + 4BeO(s) + 1/48iC 450.32 23.78 —2.81 
Be-Ti NH,CIlO, + 4Be + 1/4Ti— 1/2N2 + 2H: + 4BeO(s) + 1/4TiCL | — —455.90 24.51 —2.76 
Be-Na NH,ClO, + 4Be + Na — 1/2N, + 2H: + 4BeO(s) + NaCi(/) — 484.84 23.53 —2.75 
Be-Zr NH,CIO, + 4Be + 1/4Zr — 1/2N, + 2H: + 4BeO(s) + 1/4ZrCl — 464.68 26.12 —2.64 
Li NH,CIO, + 9Li— 1/2N2 + 2H: + 4Li,0(s) + LiCl(/) = 446.49 23.99 —2.48 
Al-Li NH,CIO, + 8/3Al + Li— 1/2N2 + + 4/3A1,03(s) + LiCl(/) 465.56 40.64 —2.37 
= solid l = liquid : 
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Fig. 2 Stoichiometric propellant compositions: °% NH,ClO, + 
% CH, + % alloy = 100 


states which will be produced can be indicated by considering 
the free energies of the reaction of a selected metal pair with 
oxygen and chlorine. The preferred oxidation state will 
be the state producing the highest negative free energy 
value. If the values are very close together, both prod- 
ucts would exist simultaneously. Such free energy calcula- 
tions were carried out for a number of metal pairs and 
the preferred oxidation states determined. By knowing 
the preferred oxidation states of the metals, neglecting dis- 
sociation and assuming a zero binder content, the simplified 
stoichiometry of the reactions was worked out. A further 
screening of the additives was obtained by computing the 
heat of the reaction and the average molecular weight of the 
products produced for the simplified stoichiometry. The 
results of such calculations are presented in Table 1. The 
heat of reaction represents the value obtained if the reaction 
follows the indicated stoichiometry, the reactants enter the 
reaction zone at 298 °K and the products leave at 1600 °K. 
Data for these calculations were obtained from (2 through 6). 
It can be seen that the Be-Li metal combination appears to 
have the best potential for producing high specific impulse 
in propellant formulations containing a dual oxidizer such 
as ammonium perchlorate. Figs. 2 and 3 present results 
of calculations for the stoichiometric proportions of an 
NH;CI10,, Li-Be system which includes a CH: binder. These 
curves indicate the variation of the ammonium perchlorate 
and binary metal contents necessary to maintain stoichio- 
metric proportions as the propellant binder content is varied. 

The optimum compositions of binary metal additives for 
propellant formulations can only be determined on the basis 
of the propellant’s payload delivery capability for specific 
missions. Rigorous calculations of the propellant specific 


impulse (considering dissociation, etc.) and propellant densi- 
ties are necessary. Several systems were examined in detail 
by means of a calculation procedure (5) programmed for 


IBM 704 computers on the basis of isobaric combustion at 
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Fig. 3 Stoichiometric propellant compositions 
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Fig. 4 Specific impulse vs. binder composition for stoichiometric 
propellant of the Li-Be-CH.-NH,C10, system 


1000 psia and isentropic nozzle expansion to 14.7 psia. Fig. 
4 presents the variation of the specific impulse of the stoichio- 
metric Li-Be-NH,ClO.-CH;: propellant system as a function 
of the binder content. A peak impulse of approximately 
290 sec was obtained for a binder content of approximately 
14%. 

Fig. 5 illustrates the effect of varying the composition of 
binary metal additives on the payload delivery capability 
of propellant formulations having a constant per cent oxidizer 
for an arbitrary vehicle having a 2100-mile range and 18,000-Ilb 
gross weight. The superiority of some of the binary metal 
systems over the single metal additives is indicated. These 
systems are not optimized for binder contents or stoichiometry ; 
however, the Li-Be and Al-Be systems are fairly close to 
optimum compositions at their maximum payload delivery 


points. The 15% binder content although not optimum 
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represents the order of the minimum allowable binder content 
from grain strength considerations. Fig. 6 presents a similar 
plot for selected metal additive systems having stoichiometric 
proportions between the additive, the CH: binder, and the 
NH,CIl0, oxidizer. A 15% binder content was assumed. 
The Be-Li additive gives as best performance, and the 


WEIGHT % 
NHgCi0g 70 70 
CHa BINDER 10 1S 
METAL 20 1S 
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Fig. 5 Mission capability of solid propellants containing binary 

metal additives; Payloads based on an 18,000-lb gross weight 

vehicle having 2100-mile range; slashes on curves indicate a 
10% change in alloy composition 


superiority of some of the binary metal additives over the 
single metal additives is apparent. Fig. 7 shows the detailed 
variations in specific impulse, combustion temperature and 
molecular weight as a function of the binary metal composi- 
tion for the propellant system consisting of 70% NH,Cl0,, 
10% CH, binder, and 20% Li-Be metal additive. Due to 
the effect of molecular weights on specific impulse, the peak 
impulse does not coincide exactly with stoichiometric pro- 
portions, but the differences are small. 

All of these calculations were made assuming a mixture of 
the two metals, or an ideal intermetallic solution with zero 
heat of alloying and partial specific volumes equal to the 
specific volumes of the pure metals. The inclusion of a 
nominal heat of alloying, which has not been measured for 
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Fig. 6 Mission capability of solid propellants; payloads based 

on 18,000-lb gross weight vehicle having 2100-mile range; 

propellant consists of NH,ClO, + CH), (binder) + light metal 
additive in stoichiometric proportions 
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Fig. 8a Postulated model of burning metal showing qualitative 
temperature and concentration distribution around burning 
metal particle 


ALLOY COMPOSITION 


Fig. 8b Postulated azeotropic properties of alloys 


most of the alloy systems considered here, would make only 
small changes in the performance parameters. For those 
alloys which have densities greater than the densities com- 
puted assuming the partial specific volumes equal to the 
specific volumes of the pure metals, the increase in perform- 
ance would be relatively small. For volume limited systems 
where propellant densities assume a greater influence, the 
improvement in performance would be larger. 7 
Burning Rate Characteristics 

Basic Considerations of Metal Combustion 


In addition to their effect on the specific impulse of solid 
propellant formulations, it is possible that binary metal 
alloy additives can also cause an increase in the burning rates 
of the metal additives. General discussions of metal com- 
bustion are presented in (1),‘ (7), (8), and (9). In (1, 9), it 
has been postulated that the burning rates of metals are 
diffusionally controlled. For metals which produce oxides 
baving vaporization temperatures greater than the vaporiza- 


4 This reference contains an excellent bibliography of the 
literature covering the combustion of most of the metals of in- 
terest. 


SEPTEMBER 1961 


| 
BOILING 
TEMPERATURE 
= 


8.P. OF 


8.P, OF Li20 


2000) ~ M.P, OF Li20 


TEMPERATURE , °K 


20 40 60 80 100 Li 
al 100 80 60 40 20 fo) 


WEIGHT PERCENT 


Fig. 9 Metal and metal oxide melting and boiling temperatures _ 
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Fig. 10 Scheme for the preparation of Be-Li particles (not to 


tion temperatures of the metals, the burning model illustrated 
in Fig. 8a has been postulated (1). The metal particle at A 
is vaporized by heat transferred by radiation and conduction 
from a high temperature reaction zone B-B’, which is at a 
constant temperature equal to the vaporization temperature 
(burning temperature) of the metal oxide. The vaporized 
metal then diffuses into zone B-B’; here it reacts with oxygen 
which diffuses into B-B’ from zone C. It has been postulated 
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Table 2 Melting and boiling temperatures of various 
metals and metal oxides 
Melting Boiling Melting Boiling 
point, point, Metal __ point, point, 
Metal °K °K oxide -. °K 
Mg 924(2) 1380(2) MgO 3073(2) 3350(1) 
Li 454 (10) 1600(10) LixO 2000(1) 2600 (1) 
Be 1551(2) 3243(2) BeO 2803(2) 4173 (2) 
Al 933 (2) 2720(1) 2323(1) 3800(1) 
Si 1693(2) 2628(2) SiO. 1983(2) 2500 (2) 
B  2573(2) 2823(2) BO; 723 (2) 2520 (1) 
Na 371(2) 1153(2) NaO 1193(1) 1550(1) 
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Fig. 11 Schematic drawing of metal powder combustion 
apparatus 
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Fig. 12 Burning Mg-Al alloys in air 
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(9) that the distance between A and B increases as the 
difference between the vaporization temperature of the 
metal oxide and the vaporization temperature of the metal is 
increased. It would be expected that if the separation 
distance between A and B were increased, oxygen would 
diffuse into zone B-B’ at a higher total rate because there 
would be a greater diffusional area. Hence the burning 
rate of the particle would be expected to increase as the 
difference between the vaporization temperature of the 
metal oxide and the vaporization temperature of the metal 
is increased. The temperature difference for a particular 
metal could possibly be increased if alloys of this metal could 
be found which would exhibit azeotropic properties at particu- 
lar compositions; this is illustrated in Fig. 8b. At this time 
the existence of bimetallic azeotropic alloys has been postu- 
lated but not observed experimentally. Fig. 9 illustrates the 

relationships of metal and metal oxide melting and boiling 

points for the Al-Li bimetallic alloy system. The dashed 
lines represent estimated or probable melting or boiling 
points for alloys. For example, the addition of lithium to 
aluminum could decrease the boiling point of the alloy below 
that of pure aluminum. Assuming the high temperature 
reaction zone to remain at the vaporization temperature of 
aluminum oxide (at least for small percentages of lithium), 
the temperature difference between the reaction zone and the 
boiling metal should increase. This should increase the 

- separation distance and increase the burning rate over that 

for pure aluminum. Similar data for other alloy systems 

are presented in Table 2, (1), (2) and (10). 

Another possible technique for increasing the burning 
rate of metals is to use a pseudo alloy consisting of extremely 
smal] particles in a matrix of a low melting, low boiling metal. 
Analysis of the burning rates of particles (1) has shown that 
the rate varies inversely with the particle diameter. Sub- 
micron particles of many metals are reactive enough to be 
pyrophoric. By preparing a pseudo alloy of mutually non- 
soluble metals, in which the higher boiling metal is in the 
form of an extremely fine powder, the boiling of the low 
melting matrix in a reaction zone could release an extremely 
large number of sufficiently small particles to substantially 
increase the overall combustion rate. This technique is 
illustrated in Fig. 10 for a Li-Be system. Small beryllium 
particles (approximately 10 » in diameter) could be hot 
pressed in a lithium matrix to form a larger particle of about 
80 in diameter. This particle size would not be as reactive 
as the smaller sizes and would be easier to handle. In ad- 
dition, the particle size of 80 u is sufficiently large to allow 
aluminum encapsulation; this would further reduce the 
handling and storage problems. The boiling temperature 
of lithium is about the same as the melting temperature of 
beryllium (approximately 1600 °K). This characteristic would 
allow the small particles of beryllium to be liberated so 


they could burn discretely as the matrix is heated. frm, ne 


Exploratory Tests of Typical Alloys 


The apparatus used in measuring burning times is shown 
schematically in Fig. 11. A uniformly sized metal powder 
was introduced to a carrier flow of hydrogen which burned 
as a pilot diffusion flame in an air stream. Photographs were 
obtained as the metal passed through the pilot flame, ignited, 
and burned. A high speed mechanical shutter interrupted 
the optical path at a rate of about 10,000 times per second, 
and the burning particle trajectories appeared as dotted 
tracks in the photographs. The number of dots divided 
by the repetition rate of the shutter gave the burning time 
directly with an accuracy of about +0.0001 sec. Examina- 
tion of many particle tracks proved that the velocities of 
the burning particles were not uniform or constant; there- 
fore, burning times calculated only from the length of the 
trace and an assumed average velocity would have been 
orders of magnitude less accurate than the method used. 


ARS JouRNAL 


= 
AiR OR 
OXYGEN 
= 
q 2 
: Ss = 45 
| 
| 
i 
=! 


In Fig. 12 photographs are presented of Al-Mg alloy parti- 
cles burning in air. Photographs of pure aluminum, pure 
magnesium, pure boron, Al-Si and AI-Li alloys burning 
in air are shown in Fig. 13. Although lithium is normally 
highly reactive, no storage or handling difficulties were en- 
countered with the 90% Al-10% Li alloy used in these tests. 
In each photograph the total exposure was about 40 millisec. 
Except for the cases of pure aluminum and pure silicon, where 
a more intense pilot was required for ignition, particles of 
49 + 5 wp size were used with identical settings of pilot 
hydrogen flow, airflow, and air temperature (25 °C) in each run. 

For 90%, 80%, and 70% aluminum in Al-Mg alloys (Fig. 
12), the tracks are in general sharp and well defined, with 
evidence of particle shattering early in the course of burning. 
For these aluminum rich alloys, it is postulated that the 
difference in the boiling points of the pure aluminum and 
the lower boiling component (possibly a eutectic) of the 
ailoy is so large that the lower boiling component may boil 
explosively when the particle passes through the high heat 
flux zone of the pilot flame, resulting in fragmentation of the 
remaining aluminum. For magnesium concentrations greater 
than the 65%Al-35%Mg eutectic, any fragmentation 
that may have resulted is obscured by the fact that both the 
eutectic and the excess magnesium have burning times ap- 
proaching the limits of accuracy of the high speed shutter 
employed. There was less fragmentation of the 90% Al- 
10% Li alloy (Fig. 13) than for the equivalent Al-Mg alloy, 
probably because the AI-Li alloy is approximately at a 
homogeneous eutectic composition. In the case of the j 
Al-Si alloys, no fragmentation was observed, probably because 
the boiling points of aluminum and silicon (and, by inter- 
polation, their alloys) are relatively close together (see @ WNON-FRAGMENTED PARTICLES 
Table 2). O FRAGMENTED PARTICLES 

It has been postulated by Fassel (11) and others that the ] 
lower melting metals (including aluminum and magnesium) 32 
melt prior to ignition. It is therefore logical to postulate 
that the formation of a eutectic alloy, melting at a lower 
temperature than the pure metal, could facilitate ignition. 2.8 7 
If this is the case, an alloy containing any significant amount 
of a eutectic phase might be ignited under conditions which 
would be insufficient to ignite the pure metal. Such was | 
found to be the case. The pilot flame required to ignite the 2.48 
aluminum was more energetic than that required for all 
of the alloys containing aluminum, and the combustion of 
individual aluminum particles was not self-sustaining beyond 
the limits of the pilot flame. These results are similar to 
the results reported by Gordon (12). The photograph of 
aluminum in Fig. 13 shows limited combustion with an en- 
larged pilot flame. In addition, it was found impossible 
to ignite pure silicon in nonpreheated air without increasing 
the pilot flame beyond the field of view of the camera. Pure 
boron burned slowly, but ignited easily, and (as seen in Fig. 
13) a glowing deposit of oxide built up at the tip of the hydro- > |S = 
gen injector. It is possible that the relative ease of ignition Tad 
for aluminum alloys containing magnesium or lithium might 2 P+ 1 COMPOSITION 

a &! 
+ 
| 


90% AI-10%L 90% St 80% Al-20% 


Fig. 13 Burning metal powders in air eict 
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be attributed to the volatility of the lithium and magnesium 
being greater than that of aluminum. However, in the 
Al-Si alloy, the silicon has a much higher melting point 
and about the same boiling point as aluminum. The only e 
factor common to all the alloy systems which can logically 0.4 in 
account for their improved ignition characteristics appears ‘ 1g 
to be the formation of a eutectic phase which would have a P 
melting temperature lower than the melting temperature of 
the pure aluminum. 4 
The burning times of Al-Mg alloys in air, as shown in Fig. Al 
14, decrease from pure aluminum to pure magnesium, as PERCENT 
might be expected from the differences in the boiling points 
of the oxides and alloys. For the higher aluminum concen- 
trations, the experimental burning times recorded below the 
curve were for fragmented particles. This fragmentation 
phenomenon presents the possibility of improved combustion 
efficiencies in solid propellants if ways of producing controlled 


Fig. 14 Burning times of Al-Mg alloys in air; particle size 49 + 
5 uw burning time limits of accuracy + 0.1 millisec 
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fragmentation can be found. Qualitatively there was little 
change in the appearance of the combustion as the magnesium 
content was increased beyond the eutectic. In the entire 
range from the eutectic to pure magnesium, the metal flame 
was nebulous and diffuse, indicating a high degree of gaseous 
or vapor phase combustion. It is probable that the actual 
burning times for alloys containing 80% or more magnesium 
are actually less than the 0.0001 sec reported, because the 
limit of accuracy was equal to this burning time and faster 
burning times could not be resolved. 

As previously discussed, it has been postulated that the 
burning times of metal particles can be related to the dif- 
ference between the vaporization temperature of the metal 
oxide and the vaporization temperature of the metal particle 
(Ts-T, in Fig. 8a). To check this postulation, it was 
necessary to estimate these temperature differences for the 
various alloys. This was done by assuming a linear relation- 
ship between the boiling point of the alloy (or oxide) and 
the composition of the alloy (or resulting oxide) with end 
points at the values for pure metals as listed in Table 2 
The dashed lines in Fig. 9 for the Al-Li system illustrate the 
relationships assumed. This approximation was necessary 
because the actual data for the alloy systems are not avail- 
able. The log of the temperature difference between the 
flame (estimated oxide boiling point) and metal particle 
(estimated alloy boiling point) has been plotted against the log 
of the measured burning times for the Al-Mg alloy system and 
for selected points in the Al-Li and AI-Si systems in Fig. 15. 
Considering the assumptions made, the correlation is very 
good, and can be considered to provide a reasonable sub- 
stantiation for the theory. 

Within the limits of the experimental technique employed, 
it appears that particles which have a large temperature 
difference between the boiling points of the oxide and metal 
also have a higher burning rate (or shorter burning time). 
It is also apparent that combinations of a low boiling and a 
high boiling metal result in the shattering of alloy particles 
in a high heat flux zone, thus producing many small frag- 
ments. Therefore, the use of alloying to increase the com- 
bustion rate of metals appears to be of potential practical 
importance. It also appears that the presence of a eutectic 
phase in the alloy structure which will decrease the energy 
required for ignition, should increase combustion efficiency. 


Conclusions 


1 The theoretical specific impulses and payload delivery 
capabilities of propellant systems containing a dual oxidizer, 
such as NH,ClO,, and a number of binary metal additives 
are superior to those of systems containing an equal weight 
of either metal in pure form. 

2 The maximum specific impulse of binary metal-oxygen- 
halogen propellant systems is obtained when the amount of 
the metal having an affinity for oxygen and the amount of 
the metal having an affinity for halogens are present in 
approximately stoichiometric proportions with the available 
oxygen, halogen and binder. 

3 When burned in air, the burning times of pure metal 
and metal alloy particles decrease as the difference between 
the vaporization temperature of the metal oxide and the 
vaporization temperature of the metal particle is increased. 

4 The handling and storage problems associated with 
highly reactive lithium can be reduced by alloying lithium 
with a less reactive metal such as aluminum. 


’ Solid Propellant Rocket Research, Academic Press, N.Y., 1960, p. 271. 
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Low Thrust Orbit Penalty _ _- 


PAUL D. ARTHUR! 
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Low thrust orbit changes require more characteristic 
velocity than do minimum energy high thrust maneuvers. 
These penalties are approximated for tangential in-plane 
maneuvers and for orbit plane rotation. 


In-Plane Maneuvers 
EGINNING from a circular orbit at unit radius, transfer 
characteristic velocity will be compared for low and high 
thrust. The total in-plane energy change 


E = —1/2a + 1/2 [1] 


is taken as the independent variable, where a is the semi- 
major axis of the final orbit. Below escape energy, the com- 
parison will be made between transfers to a final circular orbit 
at r, so that a = r in Eq. 1. The extreme of high thrust 
transfer is the impulsive bitangential (Hohmann) orbit (1,2),? 
requiring a characteristic velocity 


2r 2 2 
[2] 


All velocities are expressed in units of circular velocity at unit 


radius Veo. 
The characteristic velocity for vanishing thrust is on 
Ven =1—1/Vr 


At final energy levels above escape, the final radius has 
receded to infinity, and the velocity at infinity (hyperbolic 
excess velocity) is the measure of energy change 


E = 3V." + 4 [4] 


The impulsive characteristic velocity is given by the 
energy equation evaluated at surface burnout 


+ 1)? -l= iV [5] 


For vanishing thrust, the characteristic velocity to V.. is 
1+ V.. These characteristic velocities are plotted in Fig. 1 
with results of intermediate values of a7 (tangential thrust 
to weight ratio) from numerical integrations (3, 4). 

The ratio of low thrust to impulsive characteristic velocity 
for tangential in-plane maneuvers is given in Fig. 2. Starting 
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Fig.1 Characteristic velocity for tangential circular orbit 
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creases to a value of 2.42 at escape and a maximum of 3.0 


1 Consultant, ASTRO. Member ARS. 
2 Numbers in parentheses indicate References at end of paper. 
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Fig. 2 Ratio of low thrust to impulse characteristic velocities— 
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at Ve = 


0.5. As V.. > o, the penalty again vanishes. 

Low thrust maneuver time, in units of period at unit radius, 
is Vcu/2ma, and may be inconveniently long. 

This analysis considers constant vehicle mass and thrust 
with infinite exhaust velocity. Finite exhaust velocity im- 
plies decreasing vehicle mass and higher acceleration during 
the maneuver, thus decreasing the low thrust orbit penalty. 


Orbit Plane Angle Changes 
Using an impulse, the characteristic velocity to change 
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HIGH THRUST _ — — 
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Fig. 4 Ratio of low thrust to impulse characteristic velocities— 
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180 


the orbit plane angle of a circular orbit at unit radius is 


Ven = 2sin 4 
2 

Rider (5) suggested first firing into an ellipse and then 
rotating the plane at the apofocus, where the speed is smallest. 
The three impulse maneuver uses less characteristic velocity 
for @ > 39°, although its transfer time increases rapidly 
from P» to infinity for 6 = 49°. The minimum transfer 
time (for which the three impulse characteristic velocity equals 
the one impulse) of the three impulse maneuver can be shown 


to be given by 


2 — 1 


where T is in units of Po, the period at unit radius. Edelbaum 
(6) has further shown the benefit of a small out of plane 
component in the first and third impulses. 

Considering only continuous low thrust, direction cycling 
every half period is required for secular changes of orbit plane 
angle. If the constant out of plane thrust is cycled at the 
nodes, the inclination is changed. Cycling at maximum lati- 
tudes changes the nodes. Following Levin (7), the secular 
change of a circular orbit per period is 


4r-aw [8] 


—1 (7) 


where a@w is the ratio of vehicle thrust to vehicle weight at 
unit radius. 
The characteristic velocity for plane rotation at unit radius 


Analogous to the impulsive case, an in-plane spiral out to lower 
velocity at r > 1 followed by a plane change and spiral back 
gives a lower characteristic velocity for @ > 4/2 = 73° 


Veu = 2 (1 - 1 
4 

Edelbaum (6) shows an improvement by turning during 
the outward spiral. 

These characteristic velocities are summarized in Fig. 3 and 
selected ratios presented in Fig. 4. For small orbit angle 
changes the penalty is 57%, increasing to a maximum of 
141%. These penalties can be further reduced by applying 
thrust intermittently, but with an increase in total maneuver 
time. 


Ven 


[10] 
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Nomenclature 


a semi-major axis in units of ro 


E = energy change — 

= period for circular orbit at ro 

To = unit radius ay 

r = radius of final circular orbit for sub-escape case in units 
of ro 

T = transfer time in units of Po 

Vcu = characteristic velocity of maneuver in units of Veo 

Veco = circular velocity at ro 

V.. = velocity at infinity in units of Veo 

a; = tangential thrust in units of vehicle weight at ro o 

ew = out of plane thrust in units of vehicle weight at ro 

0 = orbit plane angle change w.r.t. original plane aap te 
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Rocket Nozzles as Temperature 
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DEFINITE need exists for accurately determing temper- 

atures attained by sensitive missile components during 
operation. Such information is essential to insure effective 
use of materials at various critical sites in the rocket. Con- 
ventional measurement techniques generally give little more 
than a rough approximation of the temperatures reached by 
materials in the internal sections of a rocket. This is particu- 
larly true for solid propellant rocket nozzles, because the pres- 
ence of the exhaust stream makes it virtually impossible to 
perform optical measurements on the critical throat surfaces. 
Furthermore, the use of thermocouples in the nozzle proper 
is not feasible because drilling of holes might weaken it and 
result in catastrophic failure of the nozzle assembly. 

During the course of investigations on solid propellant 
materials certain phenomena were observed with Haynes LT- 
2 nozzles* which provide a basis for determining maximum 
temperatures and heat fluxes to which various rocket com- 
ponents have been subjected. Experimental firings, con- 
ducted in the laboratory with unfired material, reproduced the 
phenomena observed in test nozzles and showed their relation 
to temperature and firing duration. 

This paper describes the results of these investigations and 
suggests additional experiments for increasing the accuracy of 
thermal indicator devices employing Haynes LT-2. It is 
further suggested that still more refractory systems be in- 
vestigated for the purpose of developing ultra-high tempera- 
ture indicators. 

The primary purpose of the study was the determination of 
failure mechanisms of a variety of nozzle materials tested in 
solid propellant rockets. Chemical, X-ray, microscopic and 
other relevant analytical techniques were employed in the 
investigation. Haynes LT-2 was one of the materials evalu- 
ated in the study. It is a cermet composed of alumina, 
chromium, and tungsten prepared by powder metallurgical 
methods. Prior to testing it consists of aluminum oxide 
interspersed in a metallic matrix consisting of two solid solu- 
tion phases—one rich in chromium and the other in tungsten. 

Haynes LT-2 nozzles exhibited only moderate resistance to 
erosion in these tests, primarily due to volatization of chro- 
mium and susceptibility of thermal spalling. It was apparent 
that the severity of the current tests exceeded the capabilities 
of the material to maintain dimensional stability. Neverthe- 
less, examination of the fired nozzles revealed some interest- 
ing facts which appear to have important ramifications. 
Metallographic analysis revealed the presence of a band 
paralleling the throat contour in nozzles subjected to severe 
firing treatment. Fig. 1 shows a photograph of such a nozzle 
fragment which had been electrolytically etched. The nozzle 
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- contour is sketched in to show the original orientation of the 
fragment in the nozzle. It is evident that response of the 


polished surface to the etchant was not uniform. A narrow 
zone (about 7g in. wide) paralleling the throat was unaffected 


_ by the etchant, while further back the surface was pitted. 


Micro-hardness measurements also show a difference be- 
tween the pitted and unpitted zones. The pitted areas have 
an average Vickers hardness of 730, while the unpitted zone 
exhibits micro-hardness values averaging over 1100 on the 
Vickers scale. 

X-ray analysis of this sample revealed that the unpitted 
zone paralleling the throat consists of a single solid solution of 
chromium and tungsten, a result of being heated to tempera- 
tures exceeding those needed to produce complete solid solu- 
tion of the two metals. Above 1500 °C chromium and tung- 
sten are completely miscible, whereas limited solubility occurs 
below this temperature (1,2).4 For an alloy of the com- 
position found in Haynes LT-2 (60 atomic per cent Cr and 40 
atomic per cent W), the equilibrium temperature at which 
complete solubility occurs is also about 1500 °C, according to 
Kubaschewski and Schneider. Thus it is clear that tempera- 
tures at least of the order of 1500 °C must have existed at the 
throat region of nozzles exhibiting the band of solid solution. 
Rapid cooling of the nozzles did not permit any exsolution to 
occur. 


4 Numbers in parentheses indicate References at end of paper. 


A = Single solid solution of chromium and tungsten 
B = Area of two metallic phases 


Fig. 1 Fragment of Haynes LT-2 nozzle showing band of single 
solid solution etched X 10 
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The pitted zone consists of two alloys, a chromium-rich 
phase and a tungsten-rich one. The chromium-rich phase is 
_ the one which is presumed to have been preferentially at- 
tacked by the etchant. Temperatures within this area during 
firing were apparently not sufficiently high to produce com- 
plete reaction of the two alloys within the firing period. 

It is apparent that fired Haynes LT-2 nozzles contain a 
record of the heat treatment to which they were subjected. 
Temperatures at least of the order of 1500°C must have ex- 
isted at the throat surface of the nozzles exhibiting bands 
of single solid solution. It is likely that considerably 
higher temperatures occurred to produce complete homo- 
genization in this zone during the comparatively short firing 
durations employed in the tests. Knowledge of the effect 
of temperature and time on chromium-tungsten alloy com- 
positions in Haynes LT-2 would help interpret the heat treat- 
ment record and possibly make this material useful as an in- 
dicator of temperature or “heat work.” 

Experimental firings were conducted using unfired Haynes 


W aa Numbers represent atomic per cent of Cr 
<i in chromium-rich alloy 
s = single solid solution 
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Fig. 2 Composition of chromium-tungsten alloys as a function of 
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Fig. 3 Apparent temperature in fired Hayes LT-2 nozzle as a 
of distance from throat : 


upon alloy compositions. Small samples were introduced into 
a heated inert atmosphere furnace and permitted to reach 
furnace temperatures. After specified time intervals at 
different temperature levels, samples were quenched in the 
cool zone of the furnace right above the cooling coils. Sam- 
ples were then analyzed by X-ray diffraction, and alloy com- 
positions were derived from the lattice constants. Results 
of the experiments are presented in Fig. 2. The numbers rep- 
resent atomic percentages of chromium in the chromium-rich 
alloy; this alloy was found to be a much more sensitive indi- 
cator of heat treatments than the tungsten-rich alloy. The 
latter alloy exhibited very little compositional change with 
heating, but merely a diminution of intensity. Although the 
equilibrium temperature at which complete solid solution 
occurs is about 1540 °C, temperatures of about 1700°C are 
needed to produce complete homogenization during the short 
periods. Homogenization depends on the diffusion rates of 
the two metals, and the rate of change in the direction of a new 
equilibrium is primarily a function of temperature. 

There are indications that the alloy compositions observed 
in fired nozzles reflect the highest temperatures attained by 
the nozzles, and that little or no unmixing of alloys occurs 
during cooling. Fully homogenized material showed only 
incipient unmixing after two hours at 1500°C. One could ex- 
pect significantly less unmixing to occur during the brief time 
it takes for a rocket nozzle to cool to 1200 °C. On the basis of 
the experimental data apparent maximum temperature at- 
tained at various sites in fired Haynes LT-2 nozzles can be 
estimated with greater accuracy than had been heretofore 
possible. ‘Temperatures were derived assuming a duration of 
one half second at maximum temperature for short rocket fir- 
ings, and a duration of two seconds at maximum temperature 
for the longer firings. An error of only 50°C would result if the 
assumed duration (at maximum temperature) were off by a 
factor of ten. The apparent temperature values show ex- 
cellent correlation with firing conditions and, as might be ex- 
pected, also with degree of erosion. Higher chamber pres- 
sures and longer firing durations produce greater “heat work,” 
which causes more profound compositional changes; con- 
comitant with this is the occurrence of increased erosion and 
fracturing. 

Fig. 3 shows a plot temperature as a function of distance 
from the throat for a nozzle which had been exposed to severe 
firing conditions. A surface temperature of about 1950°C is 
estimated for this nozzle by extrapolating the curve to zero 
depth. Although this value is substantially lower than the 
calculated flame temperature of about 2700°C, chromium 
vaporization, material spalling, and rapid heat conduction 
could account for the large difference. The leveling off of the 
curve at a moderate distance from the surface is either attrib- 
utable to heat transfer characteristics or to equalization of 
temperature in the nozzle upon termination of the run. The 
latter could result in redistribution of temperature in the 
nozzle so that certain portions away from the throat could ex- 
perience higher temperatures after the test than those attained 
during actual firing. 

Although the experimental data permit one to make a fair 
estimate of the temperature reached by any site in a Haynes 
LT-2 nozzle, the accuracy of this estimate is somewhat im- 
paired by the fact that comparatively little is known regarding 
the heating rates of the nozzles or the duration at maximum 
temperature. Additional experimental work is required to 
firmly establish the accuracy and reliability of Haynes LT-2 
as a thermal indicator. Changes in composition must be re- 
lated to time and temperature accurately determined. An 
experimental setup employing a gas torch could be used, and 
thermocouples inserted at various depths within a nozzle 
would give a continuous record of temperature. Optical pyro- 
metric methods can be utilized at temperatures above those at 
which thermocouples can be employed. Thus the heating 
rates and maximum temperatures would be obtained, as well 
as the extent of thermal equalization after firing. Thermal 
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data would be correlated with alloy compositions derived from 
X-ray diffraction analysis. 

The main limitation of Haynes LT-2 as a thermal indicator 
is that it may not be possible to transfer temperatures ob- 
tained to other materials because of it unique properties. 
Subjected to the same heat flux, Haynes LT-2 might exhibit 
a lower temperature than most other materials due to vapor- 
ization of chromium. The fact that it is only moderately 
refractory and susceptible to thermal spalling further re- 
stricts its usefulness. For these reasons more refractory 
materials should be investigated with the aim of developing 
ultra-high temperature indicator systems. Some of the 
binary carbide systems exhibit varying solubility with 
temperature. An example of this is the system ZrC-WC. 
Zirconium carbide dissolves about 10% WC at 1400°C, 30% 
at 2000°C and approximately 50% at 2700°C (3). It 
is conceivable that this behavior might be exploited for 
temperature indication purposes. Other promising phase 
systems that warrant investigation are HfC-WC and ZrC- 


Thus far discussions have centered around the use of 
Haynes LT-2 and other materials as post-firing thermal indi- 
cators. However, it is also possible that the device would be 
suitable for direct temperature determination. Electrical 
properties of the composites might be sufficiently sensitive to 
changes in solid solution to permit instrumentation of the de- 
vice. This approach has interesting possibilities and bears 
investigation. 
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Burning Rates of 
Composite Solid Propellants 
Subatmospheriec Pressure’’ 


HARRY SILLA® 


AeroChem Research Laboratories, Inc., Princeton, 


URNING rates of solid propellants at subatmospheric 
pressure reported here, and re-examination of burning 
rates obtained by Webb (1,2)4 at subatmospheric pressure 
has shown that these rates do not agree with Summerfield’s 
burning rate equation, but do agree with his model of the 
burning process. In addition, comparison of the solid propel- 
lant flame at atmospheric and subatmospheric pressure sug- 
gests that Summerfield’s model of a diffusion flame is correct. 
The propellant used for these experiments contained 80% 
ammonium perchlorate as the oxidizer and 20% polystyrene- 
polyester resin for the fuel binder. The only difference be- 
tween this propellant and that employed by Webb was the 
oxidizer particle size and the lack of inhibitor® in these experi- 
ments. In spite of the latter difference, tilting of the burn- 
ing surface was slight. At some of the lowest pressures, it 
was difficult to ignite a solid propellant strand. This diffi- 
culty was overcome by igniting at a higher pressure and pump- 
ing down to the desired pressure. It was also found that a 
strand could be ignited and burned at pressures below the 
lower ignition point in the presence of oxygen. 
The burning rate data are plotted in Fig. 1 as shown by 
the solid line. With some care, it was possible to measure a 
burning rate at 2.47 psia, which is lower than the 6.5 psia 
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Fig. 1 Burning rates at subatmospheric pressure; 80% am-_ 
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burning rate obtained by Webb. This subatmospheric burn- 
ing rate data was compared with Summerfield’s burning rate 
equation (1). The Summerfield equation can be written in 
the form p/r = a + b p’/*, where p is the pressure, r is the 


burning rate, and a and b are empirically determined con- 


6.4 
Fig. 3 Comparison of burning solid propellant strands at at- 
mospheric and subatmospheric pressure 


stants; a is related to a “reaction time,’ i.e., its magnitude 
is determined primarily by chemical reactions in the combus- 


” 


tion zone; and b is related to a “diffusion time.”’ If we plot 
p/r vs. p’/*, we obtain a straight horizontal line as shown in 
Fig. 2. This shows that the slope b is zero and that r « p. 

Webb’s data (indicated by the dashed line) is also plotted 
in Figs. 1 and 2 and the same trends are evident. The average 
oxidizer particle size for Webb’s data is indicated in Fig. 1. 
In the pressure range from subatmospheric to 2000 psia, Webb 
obtained values of b = 27 and 17 for average oxidizer par- 
ticle sizes of 120 and 16 uy, respectively. Webb (2) re- 
ported that his data deviated from the Summerfield equation 
for the propellant containing the coarse oxidizer, but the 
deviation for the fine propellant went unnoticed. It appears 
that the relationship p/r = a + b p’/* does not hold at sub- 
atmospheric pressure and that r « p is a more suitable rela- 
tionship of the variation of burning rate with pressure. How- 
ever, the relationship r « p is consistent with Summerfield’s 
model of second-order chemical reactions controlling the burn- 
ing process at low pressures. 

An interesting observation was made by comparing the 
flames of solid propellants at atmospheric and subatmos- 
pheric pressures (Fig. 3). The streaks in the flame at atmos- 
pheric pressure have been attributed by Sutherland (3) to 
soot particles originating from the propellant surface. How- 
ever, it is difficult to see how reduced pressure could decrease 
the number of soot particles. It is suggested that these 
streaks are abnormally large zones of gaseous fuel or oxidizer 
and are the result of large particles of oxidizer or pockets of 
fuel in the propellant itself. Then, the almost total disap- 
pearance of the streaks at lower pressures would be attrib- 
uted to more rapid diffusion and subsequent blending of these 
zones, which is consistent with Summerfield’s model of a 
solid propellant diffusion flame. 
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Direct Thrust and Efficiency 
Measurements of a 
Continuous Plasma Accelerator 
-STERGE T. DEMETRIADES' 


and 
RICHARD W. ZIEMER? 


_ Norair Div., Northrop Corp., Hawthorne, Calif. 


Experiments were performed with a continuous Lorentz 
or J x B accelerator, using an arc jet plasma source and 
argon and nitrogen expellants. At flow rates of 0.003 
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lbm/sec, directly measured thrusts of up to 3.6 Ibf, exclu- 
sive of the arc jet, were obtained, with acceleration effi- 
ciencies as high as 54%. The specific impulse increment 


_ due to the plasma accelerator was 1200 sec corresponding 


to an addition of 300% to the specific impulse of the arc 
jet used in these experiments. 


HE REQUIREMENT for space propulsion engines with 

thrust levels of the order of 1 to 100 lb and high specific 
impulse has focused attention on the thermal arc jet as a 
possible solution. However, there are several factors which 
limit the stagnation enthalpy obtainable with the arc jet; 
namely, (a) the energy transferable to the gas is thermally 
limited because of material properties; (b) joule heating de- 
creases in effectiveness as the gas temperature increases; and 
(c) the conversion of sensible, ionization, and dissociation ener- 


gies to directed kinetic energy is incomplete because of the 
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nonequilibrium expansion process in the nozzle. 

It appears that the propulsion performance can be eee 
siderably increased by transferring the input electrical energy 
directly into directed kinetic energy instead of first ‘‘degrad- 
ing’’ it into thermal energy. A continuous J x B or Lorentz 
force acting on the propellant gas can accomplish this. A 
current is passed between two electrodes through the con- 
ducting gas. This current is normal to both the flow direc- 
tion and an applied magnetic field. This causes a Lorentz 
force to act on the plasma in the flow direction. A propulsion 
system consisting of an arc jet and a Lorentz plasma ac- 
celerator (or magnetogasdynamic driver) is shown sche- 
matically in Fig. 1. 

To explore the promising potential of this device, an ex- 
perimental investigation was made of continuous linear 
plasma acceleration by means of Lorentz forces. The main 
objectives of this experimental investigation were (a) to 
demonstrate the feasibility of the J x B accelerator as a 
space propulsion device; (b) to determine the thrust and effi- 
ciency characteristics of the engine; and (c) to provide ac- 
curate and unambiguous experimental thrust data for com- 
parison with theory. 


Apparatus 

The apparatus is shown schematically in Fig. 2. It con- 
sists of a plasma accelerator (MGD driver) mounted on a 
balance enclosed in a vacuum tank. An arc plasma generator 
is mounted at one end of the tank. The plasma stream from 
this source is directed between the electrodes and pole pieces 
of the accelerator. The accelerator consists of one or more 
pairs of movable tungsten electrodes, which pass a current 
through the plasma stream normal to the direction of flow, 
and a d-c magnet to generate an accelerating field normal to 
both the electrode axis and the direction of plasma flow. The 
magnet produces a field strength of up to 4500 gauss in a gap 
of 3.75 in. and with a maximum power consumption of 
1200 w. Power to the electrodes was transmitted to the as- 
sembly on the thrust stand through mercury reservoirs to 
eliminate any restraining forces. Force measurements were 
made by electric strain gages on the thrust stand which had a 
sensitivity of 0.2 oz. The arc jet, mounted in the tank door 
and completely separate from the accelerator, acted solely as a 
plasma source. The thrust stand measures only the Lorentz 
accelerator force reactions, i.e., the thrust increment due to 
magnetogasdynamic forces. The vacuum tank was evac- 
uated by a two-stage mechanical vacuum pump. With a 
steady mass flow rate of 0.003 lbm/sec, the tank pressure 
could be regulated to 0.6 mm abs or higher. Further details 
of the apparatus are given elsewhere (1,2).° 

During the course of each experiment, measurements were 
made of accelerator thrust, magnet current, electrode cur- 
rent, electrode voltage, and arc jet voltage, and these were 
continuously recorded on a Sanborn 850 eight-channel re- 
corder. Preselected for each test were gas mass flow rate, 
are jet current and voltage, and vacuum tank pressure. 

The argon tests reported here were run with a mass flow 
rate of 0.0030 lbm/sec and a power input of 43.5 kw giving a 
plasma velocity of 10,000 fps at the inlet of the MGD driver. 
Nitrogen tests were made at 0.0020 lbm/sec and 87.5 kw 
giving a plasma velocity of 12,000 fps at the inlet of the MGD 
driver. Results with air were reported by Demetriades (1). 

The following experimental procedure was used: First, the 
thrust stand strain gages were calibrated. The tank was then 
closed and evacuated. The expellant gas was bled in at the 
desired flow rate and the tank pressure regulated to the de- 
sired value. The recorder was started and then the arc 
jet turned on to the desired power level. The accelerator 
electrode current was turned on and the current set to the 
desired value. Finally, the magnetic field was applied. Nor- 
mally, the magnetic field was slowly increased from zero to 
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Fig. 1 Schematic diagram of arc jet plasma source and contin- | 
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Fig. 2 Schematic diagram of experimental apparatus showing 
MGD plasma accelerator mounted on thrust stand within vac- 
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its maximum and then brought back to zero, thereby ob- 
taining a continuous measurement of thrust vs. magnetic 
induction and thus separating the MGD effects from thermal 
effects. 


Experimental Results 


When the electrode current and magnetic field were turned 
on while the plasma stream was flowing between the ac- 
celerator electrodes, a definite reaction, either thrust or drag 
depending on polarity, was detected by the balance. The 
following qualitative observations were used as criteria to 
establish the nature of this effect: 

1 When the electrode current was switched on, with the 
magnetic field off, there was no appreciable balance reaction. 
When the magnet was switched on, there was a definite reac- 
tion of thrust or drag, depending on the polarity of the mag- 
netic field. Reversing the polarity of the magnet caused the 
force on the balance to reverse direction. Reversing the 
polarity of both magnet and electrodes does not change the 
direction of force. 

2 As the magnetic field was increased, the current passing 
through the electrodes decreased because of the reverse poten- 
tial generated, and the plasma stream became deflected up- 
ward as a result of the Hall currents. 

3 When the externally applied electric field was switched 
off, while the magnetic field was on, a small drag force was 
observed. 

4 An increase in the electrode current at constant mag- 
netic induction caused a proportional increase in the thrust. 


Additional criteria were given by Demetriades (1). 
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Fig. 4 Cross-plot of experimental data showing accelerator 
thrust as a function of applied magnetic induction and constant 
total electrode current 
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A series of tests were made at various magnitudes of elec- 
trode current. The data for argon plasmas, for one electrode 
configuration, are given in Fig. 3. Measured thrust and elec- 
trode current are plotted for several values of the applied 
magnetic induction By. The experimental results show that 
for a given Bo, thrust output is, in general, directly propor- 
tional to the electrode current. Also, as Bo is increased for a 
given current, thrust reaches a maximum at about 3 kilo- 
gauss and then decreases. A maximum thrust increment of 
3.6 lbf was obtained with a current of 3200 amp at 82 v and 
an induction of 1840 gauss. 

The theoretical expressions for thrust and efficiency in terms 
of easily measured parameters have been developed previ- 
ously (1 through 4). Fora constant area accelerator, assuming 
(U,, Bs, E3)-dimensionality, the thrust 92 of an MGD driver 
is given by 
0, = i, 4 Bo h 


in which J, is the total electrode current and h is the electrode 
spacing. 

For a better comparison of the experimental results with 
theory, the data were cross-plotted as thrust vs. By as 
shown in Fig. 4. The data closely agree with theory up to 
about 3 kilogauss for all levels of electrode current. Even 
closer correlation has been achieved with other electrode 
configurations. The departure above 3 kilogauss indicates a 
deviation of the plasma and current flow from the (Ui, Bz, 
E;)-dimensionality assumed in the theory. For higher mag- 
netic fields it appears that the dimensionality is (Ui.3, Bs, 
E,,3) since the Hall effect introduces an axial component to 
the current (2). In evidence of this is the upward deflection 
of the plasma stream. Also, end effects could become signifi- 
cant at high Bo. It must be pointed out that the departure 
of measured thrust from the ideal theoretical values repre- 
sents only a deviation of the physical phenomenon from the 
ideal theoretical model and does not infer any proportional 
loss of efficiency. At the thrust level of 3.6 lbf the effi- 
ciency of conversion of total electrical energy to kinetic 
energy of the plasma reached (54 + 3)% with argon. With 
nitrogen the efficiency reached (22 + 1)%. No attempt was 
made to optimize the efficiency of this device but the ac- 
curacy of the efficiency measurements was improved over 
previous results (1). 

It is believed that the direct measurements of thrust, 
efficiency, and specific impulse represent a unique approach 
to plasma propulsion investigation. The linear acceleration 
of a plasma stream by continuous Lorentz forces has been 
demonstrated. The experimental results show that high 
thrust and efficiency can be readily obtained. There appears 
to be no limitation to the thrust (or specific impulse) pro- 
duced if the magnetic induction is kept moderate, i.e., below 
3 kilogauss. Acceleration efficiencies higher than 60% and 
specific impulses of about 5000 sec appear possible with MGD 
engines. 
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Time Relationships for Interplanetary 


Trajectories’ 
>. 
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ors 
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A set of curves is presented depicting various classes of 
flight paths to several planets as functions of the trip time 
and departure date required for impacting trajectories. 
Results are based on a two-dimensional model of the solar 
system with the planets revolving in circular orbits. The 
only attractive force considered is that of the sun, so that 
the vehicle trajectory is a Kepler orbit. 


UMEROUS parameters or conditions may be used to 

specify an interplanetary mission. Quite often it is 
desired to perform feasibility studies with the known param- 
eters being trip time and departure date. From this infor- 
mation alone, there is no direct method available for deter- 
mining the orbital elements and other characteristics of the 
trajectory, due to the transcendental nature of the equations 
involved. The first problem encountered in attempting to 
compute the orbital elements, and the subject of this note, is 
the determination of the route which the vehicle traverses 
between the departure and destination planets. 

Between the orbits of two planets of the solar system the 
vehicle may follow one of several routes; Fig. 1 shows the 
case of an elliptic transfer path. Considering P; to be the 
departure planet and P: the destination planet these four 


alternate routes are possible: 
Route D P, P2! Direct route 
Route P Perihelion route 
Route A Aphelion route 

Route I Fe’ Indirect route 


For a hyperbolic orbit only two alternate routes are possible: 


Route D, Direct hyperbolic 
route 
Hyperbolic perihelion 


route 


Route P, 


Routes, such as P,’ P2’’, which would require retrograde 
motion to the normal eastward revolution of the planets in 
the solar system, are not considered in this study. 

The following assumptions have been made in this analysis: 

1 The only attractive force acting on the vehicle is the 
sun, making the trajectory a Kepler orbit. 

2 The planets of the solar system revolve in circular 
orbits. 

3 The orbital planes of all the planets lie in the ecliptic 
plane. 

The route traversed by the vehicle is uniquely determined 
by the trip time and departure date. However, since the 
relation between these quantities is an implicit one, the route 
cannot be found directly. Charts, depicting the different 
route areas as functions of trip time and departure date, may 
be constructed by noting that the various routes are separated 
by several special trajectories. These limiting trajectories 
are: 

1 Tangent to departure planet at departure. 


2 Tangent to destination planet at arrival. wre 
3 Straight line. tw =~ = =, 
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Fig. Earth to Mars transfer orbit characteristics 
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Fig. 3 Earth to Venus transfer orbit characteristics 


Figs. 2 through 6 show the route areas for trips to and from 
several planets. Abbreviated versions of some of these figures 
have been employed in the trajectory analyses of (1,2). 

‘T he departure date is expressed in terms of y, the configura- 
tion angle between the planets involved at the moment of 
departure. wy is measured positively from the destination 
planet to the departure planet in the direction of motion. 

For the case of a trip to an outer planet (Fig. 2), when the 
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transfer path is tangent to the departure planet’s orbit, i.e., 
departure from perihelion, routes D and P become indistin- 
guishable, as do routes A and I. A second boundary con- 
dition occurs when the trajectory is tangent to the destina- 
tion planet’s orbit, i.e., arrival at aphelion. In this event 
route D is identical to route A, and route P to route I. 
Another class of trajectories separating the various routes are 
straight line paths arriving at opposition. For example, 
consider a sequence of trajectories having a constant initial 
configuration angle and continually increasing trip times. 
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Fig. 4 Earth to Mercury transfer orbit characteristics 
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Fig.5 Mars to Earth transfer orbit characteristics s 
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Fig. 6 Jupiter to Earth transfer orbit characteristics 
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Let the initial trajectory be on route P. Then, increasing the 
trip time necessitates that impact occur at increasing angular 
distances from the position of the destination planet at de- 
parture. Finally a trip time is reached for which impact must 
occur at opposition, and the elliptic trajectory degenerates 
into a straight line path. As the trip time progresses be- 
yond this value, for the given initial configuration angle, the 
vehicle must follow an elliptical path along route A in order to 
further increase the angular separation of the impact point 
from the original position of the destination planet. The 
final boundary condition is the line representing parabolic 
trajectories, which separates elliptic from hyperbolic routes. 
A similar explanation may be presented for the curves of 
flights to planets whose orbits are closer to the sun than that 
of the departure planet. 

From the above discussion it is seen that the theory under- 
lying the route area curves is quite simple. However, the 
construction of the curves is rather laborious, since even for 
the boundary trajectories trip time is implicitly related to 
configuration angle through a third orbital parameter. In 
terms of the eccentricity e of the transfer path, the equations 
appear as follows for an elliptic trajectory tangent to the 
departure planet on route D to an outer planet _ -» 


1 2 
(=) l-—e 


2r 


— n(1 = 
e 
2 l+e-—n 
n ne 
where 
r; = radius of departure planet’s orbit aan] at 
ro = radius of destination planet’s orbit 
re = radius of Earth’s orbit 7 
e = eccentricity of transfer path 
T = trip time 
y¥ = initial configuration angle 


These equations, as well as those for the other routes and 
limiting trajectories, are plotted in Figs. 2 through 6. They 
may easily be derived from the general equations presented 
in (3). Only for the straight line paths are trip time and 
configuration angle directly related. 

It is interesting to note that the parabolic orbits approach 
linearity on both routes D and P, yielding two points of 
contact between the parabolic and straight line boundaries. 
The section of the straight line boundary between these 
points differentiates route D from route P, as well as elliptic 
routes from hyperbolic routes. 

From these figures it can be seen that even if the required 
energy were available, certain combinations of trip time and 
configuration angle are not feasible for actual interplanetary 
flights. For example, trajectories on routes P and I in the 
vicinity of the straight line boundary will pass very close to 
the sun at perihelion. 

The curves also show that the range of departure dates for 
direct routes increases as the radial distance from the de- 
parture planet’s orbit to the destination planet’s orbit in- 
creases. This effect is most noticeable for trips to inner 
planets (Figs. 4 and 6). In this case, due to the large dis- 
tance between the planetary orbits and the relatively short 
period of revolution of the destination planet, only small 
variations in the location of the impact point are required for 
large changes in the initial configuration angle. 

A method of determining approximate initial conditions, 
with the aid of the route area curves, for a precision inter- 
planetary trajectory computer program is presented in (4). 
Also included therein is a complete set of route area curves for 
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trajectories from Earth to any planet, except Pluto, as well 
as for return trips. 
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Summary of Solid Propellant Residual 
Thrust Studies 


; J. A. MORRIS! 


Inc., Arnold Engineering Development Center 
Tullahoma, Tenn. 


The residual burning of solid rockets after nominal 
burnout has caused problems in some third-stage space 
probe applications. This paper deals with the measure- 
ment of residual impulse at simulated altitude conditions 
and the determination of total impulse to extreme ac- 
curacies. A method used to protect the payload from an 
outgassing last stage rocket motor is also explained. 


HE TELEMETRY data that have become available from 

certain satellites and from some rocket payloads have in- 
dicated that, on occasion, collisions occur between the final 
rocket stage and the payload after apparent burnout of the 
rocket motor. Such collisions, which may damage the pay- 
load or cause it to veer off course, are generally attributed 
to “residual burning,” that is, to the burning that takes place 
after thrust and chamber pressure have nominally returned to 
zero. This burning, or smoldering over an extended period 
can only be simulated if the ambient pressure is near zero, as 
in the case of an altitude test cell. In mid 1958 a series of full 
scale third-stage rockets were tested in altitude test cells for 
the first time. Photographic data and thrust instrumentation 
showed that the motor apparently burned out at 40 sec after 
ignition, but began to smoke and smolder until combustion 
at a reduced rate was steady again, building up to a thrust 
peak of 245 lb 46 sec after apparent burnout. Other difficul- 
ties such as marginally designed nozzles were discovered which 
had not been apparent during sea level firings of this motor. 
The nozzle was improved and later demonstrated good 
durability. 

Since there had been some indication of outgassing of the 
solid rocket motor which was to be used as the last stage of the 
Able IV lunar probe (some flow of gasses from the rocket 
nozzle after burnout), the third-stage motors were tested in 
the Rocket Test Facility altitude test cells at the Arnold 
Center? in October 1959. The purpose of this test was two- 
fold: to determine the total impulse to the extreme accuracy 
required for such a shot, and to measure any residual thrust 
due to propellant sliver smoldering or the burning of insula- 
tion. To accomplish the latter objective, the NASA re- 
quested that motor chamber pressure and thrust be measured 
for 1000 sec after apparent burnout while the simulated test 
cell pressure altitude was maintained near 125,000 ft. The 
former objective would be achieved by firing the motor at an 
altitude at which the altitude nozzle would flow full, and by 
accurately measuring the impulse during the nominal firing 
time. In such a case the vacuum impulse correction is on the 
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order of only 0.5% of the total impulse as compared with the 
17% correction necessary for a sea level firing. Total im- 
pulse data were obtained with a maximum interchannel 
deviation of less than 0.19% for the three firings. 

The first attempt to measure the low range thrust was 
quantitatively unsuccessful, since the low range load cell in- 
dicated a zero shift during the test. The expansion of the 
thrust measuring load column caused the vertical flexures sup- 
porting the rocket and test stand to deflect, and a vertical 
weight component was indicated on the low range load cell. 
The load cell itself could have been affected by heat during 
the 1000-sec data acquisition time following nominal motor 
burnout. However, the qualitative data from the load cell 
definitely established that some residual thrust was being 
produced as long as 5 min after apparent burnout (Fig. 1). 
The low range motor chamber pressure transducers were af- 
fected by the temrerature, and the shift in the system zeros 
nullified the quantitative data, even though the pressure data 
agreed with the thrust data in trend, if not in value. The test 
also showed a measured total impulse during the main firing 
approximately 0.7% lower than anticipated; this would equal 
over 3 lb of propellant left after nominal burnout. If this 0.7% 
missing impulse were produced after payload separation, it 
would amount to over 800 Ib;-sec, more than sufficient im- 
pulse to cause collision with and damage to the payload. 

Since the Able IV lunar probe was being readied for 
launching, and since no reliable quantitiative values had been 
obtained, a theoretically calculated value of the impulse ob- 
tainable from the burning of the insulation was used to size a 
heavier separation spring of approximately 50 lbrsec in order 
to prevent a collision. This expedient was adopted because 
the data indicated that outgassing was apparently present 
minutes after the firing, and because the lengthy duration of 
the outgassing made a simple increase in the payload ‘‘hold”’ 
time after third-stage burnout before payload separation an 
insufficient correction. However, the third stage did not 
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Fig. 1. Outgassing data for solid rocket motor test 
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have an opportunity to perform during the November 1959 
shot because of failure in the lower stages. 

In August 1960 three more third-stage rocket motors were 
secured by the NASA for altitude tests at the Arnold Center 
(1). For these tests the total impulse measurements at 


’ Numbers in parentheses indicate Reference at end of paper. 


Table 1 Total impulse corrected to vacuum (Ib;-sec) 
TEST NUMBER 
T3-35-01 T3-35-02 T3-35-03 
CHANNEL (Vac Corr - 1290) | (Vac Corr-1055) | (Vac Corr - 1351) 
3 1 115885 115618 116011 
2 
3 pal A 115862 115842 
a 
Average 115898 115524 115861 
Maximum Deviation 
from Average, % 0.05 0.20 0.13 
1 115790 105428125 945 
115790 8745 
Average 115865 115479 115795 
Maximum Deviation 
from Average, % 0.11 0.13 0.13 
Average for Three Firings (eight channels), 115738 lby - sec 
Maximum Deviation from Average for Three Firings, 0.21 % 


altitude were of prime importance because of the necessity of 
resolving the matter of the correct value of total impulse, 
that is, whether the impulse is actually lower than the manu- 
facturer anticipated by 0.7% or whether the October 1959 
data were incorrect. The average total impulse was there- 
fore obtained from four independent thrust measuring 


systems. (No attempt was made to measure thrust after 
nominal burnout, since all available thrust data channels were 
used to determine total impulse during main burning.) The 
results agreed with October 1959 results within 0.026% 
(Table 1). These two values, in turn, agreed with results 
from two other series of firings of the same motor at the 
Arnold Center (Table 2). The four series tested over a period 
of two years had a maximum deviation of the measured total 
impulse of only 0.7%. (During this interval another series 
of tests was also made, but a nozzle separation occurred during 
two of the three firings.) 

Since the residual thrust was still a large unknown and a 
very critical item, another attempt was made to obtain some 
measurement of the impulse occurring after nominal burnout. 
If the burning was due to smoldering insulation, the impulse 
would be small enough to be easily handled by devices such 
as the stronger separation spring between the payload and the 
last rocket stage. Residual burning of the propellant would 
be a much more serious matter. Thus the first question was 
whether any propellant remained after the main burnout. 

In the first test of this series, therefore, a CO, quench was 
applied immediately after thrust had apparently returned to 
zero. Little information was obtained. The comparison of 
the motor weight before and after firing with the weight of the 
same type rockets which had not experienced the quench 
showed that apparently one pound less was consumed when 
the CO2 quench was used. 

The motor chamber pressure after apparent burnout was 
measured on the next two tests using a series of extremely 
sensitive pressure transducers covering and overlapping the 
expected range of chamber pressure. This redundancy and 
overlapping of separate systems gave a high level of confidence 
to these pressure data for the entire 1000 sec of data acquisi- 


Table 2 Data summary of all third-stage motors of this type tested at Arnold Center 


SERIES . 2 | 3 4 
(August 1958) {Sep. 1958) (May 1959) (September 1959) (Current Series) 

Serial Number SV-17 | SV-18 | SV-32 { SV-43 | SV-41 | SV-44 | SV-77-A5 | SV-62-A8 | SV-56-A2 | SV-131 SV-134 SV-135 
Date Fired 7/15/58 | 7/15/58 | 9/16/58 | 5/28/59 | 5/28/59 | 5/28/59 | 9/22/59 9122159 9123159 8/5/60 8/8/60 8/9/60 
Total Impulse at 
Vac. (avg), Ib,-sec 116, 822 | 116, 378 | 117,521 | 116, 808} 116,316 | 116,495 | 115,609 115, 589 115, 926 115, 882 115, 502 115, 829 
255.9 | 255.4 | 257.0 | 255.9] | 255.3 | 235 | | 2348 | | wag | 
20.4 | 209.6 | 220] 21.3] 210 | 250.9 | 2480 | 246.7 | 2488 | 240.4 | 200.2 | 2086 
Average Specific Impulse 
for Series®, sec 255.7 37.0 34.1 34.5 
Average Total Impulse 
for Series, ib oat 116, 600 117,521 116, 540 115, 708 115, 738 
Deviation of Average 
Specific Impulse* from +0, 47 +0. 98 +0. 31 -0. 16 Base 
that of Series 5, percent 
Total Impulse from +0. 745 +1.541 “0.0206 


*Based on manufacturer's propellant weight 


**Basedonweight difference 
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Fig. 2 Outgassing pressure for solid rocket motor test T3-35-03 
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tion time following main burnout. The transducers were also 
shock-mounted in an insulated box to eliminate as much 
temperature effect as possible. In addition, since the range 
of the pressure readings expected bordered on the specified 
accuracy of the instrumentation system, and since some elec- 
tronic drift must always be anticipated, a unique system was 
devised whereby the pressure leads to the differential trans- 
ducers were mechanically reversed every 10 sec during the 
1000-sec period of data recording following nominal burnout. 

The results not only proved positively the existence of a 
pressure differential between the motor chamber and test cell 
but determined the difference quantitatively (Fig. 2). With 
these pressure data and the nozzle coefficient calculated from 
normal propellant burning, the outgassing (residual burning) 
thrust could then be calculated (Fig. 3). For one firing, the 
impulse calculated for the period of 777 sec following nominal 
burnout (during which choked flow was plainly evident) had a 
value of approximately 0.7% of the total impulse; this would 
amount to approximately 750 lbr-sec impulse and almost 
three pounds of propellant. Such an amount of impulse 
occurring thus after nominal burnout would cause a collision 
with an impact of 54 Iby-sec between the third stage and the 
payload 31 sec after separation. 

The movie film of the firings also showed outgassing for 
270 sec until the camera lens coated over and the poor quality 
of the film made it useless as data. 
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Fig. 3 Thrust as calculated from outgassing chamber pressure data for solid rocket motor test 
T3-35-02, T3-35-03 
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In view of the results of this test, both Echo I and the 
Able V lunar probe adopted a system for forcing the rocket 
case off course after separation to avoid collision with the 
payload. A weight is released from the nose of the spin- 
stabilized rocket, and this weight, attached by a cable, is un- 
wound causing the rocket to stop rotating. The weight, 
having unwound one circumference and stopped the spinning, 
is then released and the rocket is forced out of the payload 
orbit. 

A recent test in November 1960 at the Arnold Center of a 
solid propellant orbiting retro rocket showed outgassing or 
residual burning still present 8 sec after the 12-sec burn 
period. 

Until it is clearly evident from altitude tests that no ap- 
preciable amount of outgassing or residual burning is present 
in each series of upper atmosphere solid rockets, precautions 
must be taken to protect the payload from last stage collision. 
It is also apparent that total impulse at simulated altitudes 
must be measured with extreme accuracy in order to program 
the space probes with the precision necessary for a successful 


Reference Ge: 9% = 
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Plateau Ballistics in Nitrocellulose 


Propellants 
R. F. Preckel! 
Nitrocellulose propellants normally give straight line 
ballistics; however, addition of certain lead compounds 


tend to level the burning rate in pressure intervals below 
5000 psi. This phenomenon has been christened the 
“plateau”? effect, and a trivial designation “platonic” 
propellant has arisen. Burning rates in a plateau are 
always higher than in the absence of lead compound. Ex- 
tensive work has been done to characterize the limitations 
and advantages associated with the effect. This has in- 
cluded studies of heat of explosion, concentrations of in- 
gredients, structure of polymer, inert and explosive plas- 
ticizer molecules, per cent nitrogen in nitrocellulose of 
varying molecular weights, etc. Various lead compounds 
are effective, including oxides, stearate and 2-ethylhexo- 
ate. Platonization occurs without ill effect on tempera- 
ture coefficient of burning rate, hence the temperature 
coefficient pressure 7x is radically improved in the plateau 
where the pressure index n is small. In several instances 
the rx of platonic propellants is about 0.1%/ °F com- 
pared with at least 1%/°F for the high performance 
propellant JPN. Additionally, since equilibrium pressure 
is proportional to K to the exponent 1/(1 — n), rockets 
using plateau propellants are relatively insensitive to ef- 
fects of nozzle erosion or variations in propellant surface. 


HE EMPHASIS on low pressure ballistics began in 1939 

when the use of rockets became widespread. Low poten- 
tial nitrocellulose propellants were investigated to reduce 
nozzle erosion, burning rate and pressure index. Extrusion 
of massive charges required extrusion lubricants, and for- 
tuitously, a relatively cool formulation was extruded with 
lead stearate lubricant. 
havior in rockets, which was observed by W. H. Avery (1)?, _ 
led to extensive study in both rockets and a laboratory strand 
burning apparatus, which was devised by B. L. Crawford (2). cat 


Plateau Phenomenon 


Ordinary nitrocellulose propellants, having burning rates, _ 
r = cP” at 1000 psi in the range 0.2 to 0.6 ips, show a pressure 
index n ranging from 0.6 to 0.9. Early solventless rocket 
propellants were high in nitroglycerin NG and low in nitro-— 


diethylphthalate and 1 stabilizer. Such a system is soft 
and amenable to the standard solventless process. Clearly 
JPN is a quite “hot” formula, calculating energy of explosion 
Hex equal to 1250 cal/gm. 
flame temperature required thick walled steel motors and 
made for rapid erosion of steel nozzles. Thus, investigations 
of “cool” propellants were begun; a 700 cal/gm composition _ 
follows: 58.5 NC, 22.5 NG, 8.5 triacetin, 8.0 s-diethyldi- — 
phenyl urea and 2.5 dinitrotoluene. The addition of small 
amounts of lead stearate, PbSt, produced the radical alteration 
in internal ballistics of Fig. 1. 

The plateau effect always involves increased burning rates 
over a range of pressure below some critical value at and 
above which the plateau is not observed and the r-P relation- 
ship is entirely conventional. In the plateau, r tends to be 
independent of P, leading to higher relative increases at lower 


Presented at the ARS Solid Propellant Rocket Conf., Salt 
Lake City, Utah, Feb. 1-3, 1961; revision received July 19, | 
1961. 

1 Senior Scientist, Allegany Ballistics Lab. 
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Fig. 1 Plateau effect re 


pressures until another critical pressure is reached below 
which nm again increases, but usually not to the nonplatonic 
value. A very hot propellant such as JPN is not susceptible 
to ballistic modification by PbSt, even though enough salt 
may be added to bring the calorific value to 700-800 cal/gm. 
However, the strand burning rate at 1000 psi and 25 °C de- 
creases regularly. 

A series of platonic propellants made up with NC, NG, 
TA and PbSt, retaining PbSt at 2% in each and balancing 
Hex to about 800 cal/gm shows the following variation of 
plateau burning rate with NC content: 


NC% 60 55 50 
0.23 0.21 0.20 


This indicates that one may expect burning rates to decrease 
with NC. It might be interesting to speculate that a low 
liquefaction point of such systems leads to a progressively 
thicker mobile layer at the burning surface with increasing 
capability of diluting the reactive species. Thus the net rate 
of regression would be lowered. 


40 
0.19 


45 
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Hex, 
cal/ 
gm Plateau n Plateau r, ips 
700 0.70 (no plateau) 0.22 at 1000 psi 
f 0.29 at 1500 psi 
695 0.45 0.31 at 1500 psi 
690 0.20 7 0.32 at 1500 psi 
675 0.0 0.27 at 1000 psi 
595 0.0 22 at 1000 psi 
730 0.0 0.18 at 1000 psi 
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Fig. 2 Plateaus with lead stearate 
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Clearly from the evidence (Fig. 2), between 0.5 and 1.0% 
PbSt will give efficient use of the modifier. Higher lead salt 
concentrations move the plateau to lower pressures and 
burning rates. 

Omission of all ingredients except NC and PbSt results in 
retention of plateau ballistics, a system 99 NC, 1 stabilizer 
and 4 PbSt shows a zero slope plateau at 0.34 ips. Some ex- 
periments with liquid nitrate esters have shown plateaus 
as well. 

A number of lead compounds have been investigated in 
systems similar to that of the original discovery. Ballistics 
are shown in the following table: 


Lead com- a 
pound % Plateau n Plateau rioo 
PbSt 0.5 0.22 0.28 ips al 
PbO 4.0 0.0 0.17 (at 500 psi) — é 
Pb;04 0.5 0.0 0.24 
PbO, 0.5 0.0 0.24 
1-26" 2.0 0.0 

« [-26 = lead 2-ethylhexoate. 


Manufacture of platonic formulations is routine, providing 
that the generally insoluble salts are thoroughly dispersed. 
Plateau burning rates generally show a maximum at some 
lead concentration; such a formulation must be thoroughly 
mixed, since any local variation in concentration of lead salt 
decreases the rate. Lead compound toxicity will not be a 
problem if face masks and gloves, which are standard for 
dusty ingredients, are used. 

Large rocket propellant charges of platonic formulae are 
made by the cast double- base process, in which solvent ex- 
truded ‘casting powder” is allowed to swell in a “casting” 
solvent of desensitized nitroglycerin; this gives a monolithic 
structure of excellent physical properties and ballistic repro- 
ducibility. Ballistic quality of the cast charge is dependent 
only on the properties of the casting powder; sound casting 
powder gives predictably good cast propellant. This has 
facilitated use of very large lot sizes without undue difficulty 
or expense. ‘The platonic propellant system has established 
an enviable record for reliability and reproducibility in 
military and civilian applications, including Terrier, Talos, 
Nike, Honest John, Snark, Altair, aircraft jatos, turbine 
starters, hot gas servos and many others. 


Plateau Internal Ballistics 


It is clear that the plateau phenomenon, which is inter- 
esting because of its connection with the mechanisms of 
propellant gasification and combustion, should offer very 
important ballistic advantages over nonplatonic systems. 
These advantages have indeed been realized. Thus rockets 
will suffer little variation in burning time should the pressure 
be off design for any mechanical reason. Similarly, if 
burning surface area changes during burning, the change in 
area ratio of burning surface to nozzle throat area K will 
cause a less sharp change in pressure than in the absence of the 
plateau. 

The advantage of low n comes from the rocket gas mass rate 
of discharge equation m = Spr = CpA:P where propellant p 
and burning surface S is - burning at rate r in a chamber at 
pressure P, discharging through nozzle throat area A ,, : 
is the discharge coefficient, a constant. Dividing P/r = 
and if r = cP", then p! —" = C’K or P is proportional “4 z 
with exponent 1/(1 — n). The chamber pressure is then 
proportional at best to K, when n = 0, whereas at n = 0.75 
as with JPN, P is proportional to K‘4. 

The temperature coefficient of burning rate is generally 
decreased or unchanged in the plateau. Hence zx, the 


temperature coefficient of equilibrium pressure at constant K 
will be very much improved over the nonplatonic case. We 
may observe that in favorable cases the x may be below 
0.1%/°F, an order of — less than the value of 
JPN. 
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Theoretical Considerations 


While no complete theory of the plateau phenomenon i is 
established, much pertinent and important work has been 
done attempting to understand its phenomenology and rela- 
tionship to practical internal ballistics. The accepted mech- 
anism of nitrate ester decomposition (3,4,5)? to NOs and an 
RO’ radical, followed by reduction of NO, to NO and eventual 
slower reduction of NO to Ne, has been thought to be in- 
volved in a catalytic cycle of reactions with Pb and PbO: 
Pb is oxidized by NO or NOs», and the resulting PbO reacts 
with oxidizable molecules or fragments to regenerate Pb. 
This action can occur either in the gas phase or in a condensed 

: “foam zone” in extreme outer layers of the burning material. 
_ The mechanism seems attractive and appropriate, but no 
- conclusive demonstration of it has been given. Photomicro- 
4j graphs of burning propellant surfaces, and of carbonaceous 
_ debris sloughed off during strand burning in the closed bomb, 
_ have shown globules of molten lead at all pressures below the 
upper limit of the plateau. Above the plateau limit the 
_ globules are no longer observed. No such particles have ever 
been observed in vented vessel firings, perhaps only because 
no effective search has been made. Such obervations, of 
course, have no firm bearing on the nature of the system’s 
microscopic behavior; the entire catalytic action of the lead 
compound could well involve only oxygen-containing species 
in either condensed or in attenuated phases. 

One approach suggests that the observed presence of car- 
bon or carbonaceous material results from lead compound 
catalysis. The genesis of underoxidized material may liber- 
ate much heat in the condensed phase—more than any 
fragment evaporation process normally proposed could ab- 
sorb. Condensed phase surface heat liberation could account 
for high rates in and below plateau pressures, the carbo- 
naceous surface material progressively diminishing until it is 
absent at high pressure above the plateau. Cordite burning 
at relatively low pressure was found by Huffington (6) to show 
surface blackening, but his results were obtained at Jow 
surface regression rates occurring in wedge shaped gaps be- 
tween propellant surfaces; also it is not known whether he 
used any lead compounds. It must be concluded that high 
heat release in surface layers of burning propellants has not 
been definitely shown. 

Spalding (7) has surveyed solid and liquid propellant burn- 
ing theoretically from a viewpoint he claims is close to that 
of the laminar gas flame. In the course of his discussions, he 
arrives at a suggestion of plateau ballistics, finding that the 
pressure index should tend toward zero at “high” pressures if 
the temperature dependence of surface decomposition rate is 
appropriate. However, no complete plateau was arrived at, 
since the high pressure high slope branch of the rate-pressure 
curve was not deduced. 

The evidence shows that the important plateau mechanism 
occurs in or very near the burning surface, and that an easily 
heat-labile compound of lead must be importantly involved. 
More than this cannot be concluded from the available evi- 
dence. 
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q Practical Method for Compensation 
of Erosive Pressure Peaks 


WILLIAM C. STONE? 


Rohm & Haas Co., Redstone Arsenal Research Div. 
Huntsville, Ala 


Neutral burning characteristics are desirable from the 
standpoint of efficient case design, since the case must con- 
tain the maximum pressure. Rocket motors with a low 
initial port to throat area ratio 1/J show pressure peaks, 
which result from erosive burning and dynamic pressure 
drop along the burning surface. High L/D and loading 
fraction grains fall particularly into this class. One 
method of compensating for the initial pressure peak 
and thereby achieving a neutral head-end pressure trace 
is the reduction of the initial burning surface, i.e., using 
a progressivity ratio greater than unity. By use of 
the slotted tube grain design, progressivity ratio adjust- 
ments are possible by simple adjustment of the slot length. 
This method is illustrated in the design and development 
of a short duration booster motor having a loading fraction 
of 82%, an L/D of 14.7, and an initial 1/J of 1.33. A neutral 
head-end pressure trace was obtained by experimentally 
matching surface progressivity ratio with throat erosion 
and initial pressure peak. 


IGH mass ratio solid propellant rocket motors require 
light cases and highly loaded grains. Good case strength 
utilization is achieved when the maximum and working pres- 
sures are equal. Hence, a neutral pressure trace is desirable 
from the standpoint of reducing case weight. This paper 
presents a method for compensating for initial pressure peaks 
and thus obtaining a neutral pressure trace in a highly loaded 
solid propellant rocket motor. 
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Solid propellant booster motor grains with high loading 
fractions are generally accompanied by high surface to port 
area ratios which result in values of J where erosive burning 
becomes a problem. The throat to port area ratio J deter- 
mines the gas velocity over the aft portion of the propellant 
burning surface. Isentropic flow tables show that a J of 0.75 
results in a value of 0.50 for the port Mach number, which 
is related to the amount of erosive burning experienced. It 
was not the purpose of this work to make a detailed investiga- 
tion of the phenomena of erosive burning, but simply to as- 
sume that the burning rate increase is directly proportiona! to 
the velocity of the hot gases flowing over the propellant 
burning surface. The magnitude of the pressure increase due 
to erosive burning was left to experimental determination. 
The rocket nozzle discharges gas at a rate proportional to 
chamber pressure, which differs from the head-end pressure. 
As the combustion products evolve from the burning surface, 
they are accelerated toward the nozzle by a pressure dif- 
ferential which is here referred to as dynamic pressure drop 
due to mass addition. The head-end pressure minus the dy- 
namic pressure drop is the grain port pressure which de- 
celerates into the chamber for expulsion through the nozzle. 
(See Fig. 1.) Application of the momentum equation to the 
gas flow through the grain perforation yields an expression 
for the dynamic pressure drop. Assuming no friction and 
using the ideal gas equation, it may be shown that the head 


to port pressure ratio is St A, 


P,/P, =1+ 

Calculations with this equation yield a ball park value for 
the head to port pressure ratio of approximately 1.30 when J is 
0.75. Some pressure is recovered when the flow is decelerated 
into the chamber, depending on the chamber to throat area 
ratio. These numbers show that a considerable initial head- 
end overpressure is possible due to dynamic pressure drop. 
Theoretical incorporation of this variation into a grain design 
is difficult due to the poor accuracy of the idealized calcula- 
tions. Hence, the final grain design modifications to com- 
pensate for the overpressure must be determined experi- 
mentally. 

The pressure trace of a rocket motor is also affected by the 
nozzle throat erosion. Data are available on the erosion rates 
of various throat insert materials, and estimates of the throat 
erosion and its effect on the shape of the pressure trace may be 
incorporated into the grain design theoretically. For this 
study the initial motor grain designs included this variation, 
but the final adjustments to compensate for throat erosion 
were made experimentally. 


Application 


A method of compensating for these burning pressure dis- 
turbances and thus obtaining a neutral pressure trace will now 
be described. Both erosive burning and dynamic pressure 
drop tend to raise the initial head-end pressure, and the throat 
erosion lowers the final pressure. These combined effects. 
suggest a reduced initial burning surface to prevent the over- 
pressure, i.e., a theoretical burning surface variation with a 
progressivity ratio greater than unity. The progressivity ratio 
must be tailored, through the experimental motor firings, to 
match the initial overpressure with the final erosion free 
burning pressure. To perform this experimental matching, a 
grain configuration with an easily modified progressivity ratio. 
is needed. 

The slotted tube grain design (1, 2) was found by this 
writer to be best suited to the above needs. It has particular 
utility in the high L/D application because of its low surface 
to port area ratio as compared with a star geometry. From 
the viewpoint of this paper, the most attractive feature of the 
slotted tube is the simple method by which its progressivity 
ratio is modified. The length of the slots determines the 
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progressivity ratio which may be varied by simply changing 
the slot length. Typical theoretical surface histories for the 
slotted tube are shown in Fig. 2. 

Using these principles, a simple static test motor was de- 
signed and constructed. The important features of this 3 X 
42 STM are shown in Fig. 1. Provisions for head- and aft-end 
pressure measurements were incorporated into the design. 
Casting equipment for the 3 X 42 STM was designed to per- 
mit a variable slot length by a variable length fin section of 
the mandrel. Plastisol composite double base propellant was 
used in the motor. 


Testing and Results 


Initial testing incorporated both head- and tail-end pressure 
measurements. An experimentally determined head to cham- 
ber pressure ratio history is shown in Fig. 3. Since the mag- 
nitude of the initial overpressure was not known, the first 
motors were cast with short slots which resulted in progressive 
traces as shown in Fig. 4. When an estimate of the overpres- 
sure due to erosive burning and dynamic pressure drop was 
obtained, the progressivity ratio was adjusted to obtain neutral 
pressure traces. Fig. 5is a composite showing the effect of ero- 
sive burning, dynamic pressure drop, and throat erosion on the 
head-end pressure. As may be seen from Fig. 5, the 3 X 42 
STM is a high pressure, short burning time motor. Its slotted 
tube grain configuration was used to design around the initial 
pressure peak which is normally encountered in high mass 
ratio solid rocket motors. 

Grain geometries other than the slotted tube may be 
tailored in this same manner, but the surface progressivity 
ratio modifications are more tedious. As in the case of the 
star, the mandrel would require modification to alter the sur- 
face progressivity. Hence, the slotted tube has particular 
utility for this type of application. 
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N A PREVIOUS note (1),° the effect of constant de- 
celeration on the pressure coefficient of a slender cone has 
been analyzed for arbitrarily large values of the deceleration 
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Since constant de- 


parameter @ in all flight speed ranges. 
celeration is less likely to be encountered in practical flight, 
the present note takes into account the effect of nonuniform 
deceleration on the pressure coefficient. 

It is assumed that the deceleration of the cone is propor- 
tional to the drag force and that the drag coefficient decreases 


linearly with the velocity, i.e, Cp = Cp, U/Uo. Applying 
Newton’s Second Law of Motion, we have 
dU/dr = 
and 
U = —dét/dr 


Integrating Eqs. 1 and 2 and inserting the conditions that 
U = Uy and = Oatr = 0 respectively, we obtain the 


[3] 


flight path of the cone apex 
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which is shown in Fig. 1. The asymptotic potential for a slender body of revolution performing arbitrary motion along its 
axis was obtained by Cole (1 through 3) 


where 


r, t) = (1/2m)S(z, t) log (r/2) — (1/43) {S[m, t — (x — log (x — x1) + S[x2, t — (a2 — x)/a] log (x: — x)} | 
1 7) (2 — p SE) X log — +... [4] 


a Or dé 
is the retrograde Mach cone. The integral in Eq. 4 is evalu- i | 
ated for those values of £ which are common to the flight path ee a 


of the cone apex and the surface of the retrograde cone (1- 
3). Solving Eqs. 3 and 5 for &, we have 


Arr = (Mo + 1) — V(Mo + 1)? — 2AMo(z — at) [6a] 
Ave = —(Mo — 1) + V(Mo — 1)? + 2AMo(x + al) [6b] 
The source strength S(z, ¢) is known for a given body shape 


(2, 3) 
0) = 
where 


RETROGRADE 


q = 
X=2 + ff U(r)dr MACH CONE 


is a coordinate fixed in the body. In our case Fig. 1 Body flight path and retrograde Mach cone 


> 


U(r) = Uo/V1 + 2\Uor [3] 
in the case of constant deceleration (1). ‘The restriction of | 


A(z, t) = [x — (1 — V1 + 2AUot)/d] [9] small 8’ used in this analysis further limits the value of 8 to 
a much smaller value in the subsonic range. However, it is 


Substituting Eqs. 8, 9 into 7, we have ; : 
ee F , interesting to note that the use of the new deceleration 


t) = — (1 — Ax)/V1 + 2AU parameter allows a finite value of C, at Mo = 0, i.e. 
10 
= -2 + 56" 
For small values of \Uot (or B’ « 1), Eq. 10 may be ex- 2(1 — 28’) log [5V/8'/2V/1 — B’] [13a] 


panded, and retaining only the first order terms of \Uot 
S(x, t) = + Uct — AUot(x + 3Uot/2)] [11] 


Substituting Eqs. 6a, 6b, 11 into 4 and performing the in- 
tegration, the velocity potential @ can be obtained. The pres- Supersonic range 
sure coefficient in unsteady flow, including squared term (3), is Eqs. 6a, 6b may be expanded in terms of 8’Mo/(Mo + 1)? 
» = —(2/U%)(0g/dt) — (1/U2)(0¢/dr)? [12] and B’M,/(Mo — 1)? respectively at = 0. Retaining only 
; the first-order terms of B’, we have 
Insert @ and Eq. 8 into Eq. 12 and set t = Oandr = 6z; the 
surface pressure coefficient of a slender cone moving at in- zw — % = t/(Mo + 1) — B’Mo*x/(Mo + 1)* [14a] 
stantaneous Mach number Mo with nonuniform deceleration tp — = 2/(My — 1) — B’Mo'u/(Mp — 1)? [14b] 


Metis 

= —1 — — 26") log — — + 26"[(1 + 3Mo)(x—ay)o — (1 — 3Mo)(x2 — + 
— — Mo + 28’Molz: — 3Mo(x — 21), (Mo + 1)? — 48’Mo + 


where 2; and z2 are given in Eq. 6 and 6B’ = Az/2. The sub- 
script “0” for any bracketed term containing 2; and 22 indi- 
cates the value which is obtained with ¢ = 0 for 2 and 2z. 


which may be obtained from Eqs. 13 and 6. = | 


Approximate Expressions for C, 


Substituting Eq. 14 into 13 and retaining only the first- 
order terms of 6’, we obtain 


Eq. 13 is plotted in Figs. 2 and 3 for a cone of semi-angle 6 = 5 er a, M2—1] 

and 10° respectively. In Fig. 2, the curve of constant de- Mu 6) (15] 
celeration 6 = 0.5 is taken from (1) for comparison. Note a ve ic 

that since 8 = 6’M,?, B may be large even for very small 6’ Transonic range 

in supersonic flight. For example, with 6’ = 0.01 and Mo For My = 1, Eq. 6a may be expanded in terms of 8’ at 


= 5, = 0.25. Therefore, it may be concluded that the 
effect of nonuniform deceleration on the pressure coefficient 
a = (x/2)[1 + (8'/4)] [16] 


Th 


of a slender cone is also very small in the supersonic range, as 


= 
‘3 
[7] 
| 
} 
| 
| 
4 
| 
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Substituting Eqs. 16, 6b into 13 and retaining only up to Nomenclature | _ 
7, ai 
the first order of we obtain 
C,/62 = —1 — 2(1 — 28") log 6(8’/4)/4 + a = speed of sound in the undisturbed fluid 
— (g'/4) [17] Cp = of the cone, with respect to its 
Sub = (p — po)/[(1/2)pU,?], pressure coefficient 
My = instantaneous Mach number att = 0 
Eqs. 6a, 6b may be expanded in terms of B’Mo/(1 + Mo)? S(z,t) = source strength 
and B’M,/(1 — Mo)? respectively at ¢ = 0. Retaining only 2,r = cylindrical coordinates fixed in the undisturbed 
the first-order terms of 6’, Eq. 6a becomes 14a and Eq. 6b _ fluid 
becomes t = time ; 
7 U(t) = velocity, positive in the direction of the negative 
— = [(1 — Mo)x/B’] — (1 — 2Mo)x/(1 — Mo) [18] z-axis 
= —(dU/dt),-9r/2a? > 0, deceleration parameter at 
Substituting Eqs. 14a, 18 into 13 and retaining only first- 
order terms of 8’, we obtain ——_—__—— _— 


> 
= — 28’) log [6V/(1 + Mo)B’/2V/1 — Mo] — 2 + — 
|? — 12M, + 23M)? — 12M3> | 2+ 8Mo + ] a’ [19] 
(1 — M,)? (1 + 
15, 19 are also plotted in Figs. 2 and 3 for comparison - 


with the exact values obtained a Eq. - parameter att = 0 


= cone semi-angle 
= 3Cpop/2p L, a constant at Mo, where pp is density 
of the cone and L is length of the cone | 


Correction on (1) 


The first term of Eq. 12 in (1) anil be written as = variables of z and ¢, respectively 
3 ‘ = density of undisturbed fluid 
—2[1 — 2(M,? — 1)¢/M,?] log (5/2)/ Mo? — 1 = 1 = perturbation velocity potential 
Subscript 
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digital computer. 
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Fig. 2 Effect of deceleration on pressure coefficient, 5 = 5° Fig. 3 Effect of deceleration on ‘pressure coefficient, ¢= 10° 
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‘Technical Comments 


Comment on “Rapid Method for ars 


Nozzle Design” 


48 
Sire M. H. SEIDMAN! 


Westbury, N. Y. 


RECENT paper by Greer (1)? has indicated a rapid 
means of determining the contour of an ideal plug noz- 
zle. This ideal nozzle is one which yields a uniform, axially 
parallel exhaust stream. It is the object of this note to 
point out an error in the analysis (1) and to indicate a proper 
means of computing the ideal contour. 

In the method employed by Greer (1) the flow area was 
considered to be bounded by the line Z;. See (1) for figures 
and nomenclature. The expansion ratio « was then deter- 
mined from this flow area. 

Assuming a Prandtl-Meyer expansion fan at the lip and an 
ideal nozzle, the flow is uniform, with constant Mach number 
M along a characteristic line Z3. The expansion ratio « 
should be based on the flow region bounded by L;. Along L; 
the Mach number varies from the value at the wall to the 
value in the nozzle exit region M., and the area defined in 
(1) does not correspond to the wall Mach number. e 


A 


a 
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is this new manner of defining the rid region the flow 
area becomes 


+ 11) sin 


the flow area becomes 


A= 


Employing L; = L:/cos (a — WY — w) and 1 = rz — La, 
Eqs. 8 and 9 of (1), there is finally obtained bagi 
 cos(a—V—w) 
{1 — [1 — cos (a — [4] 
With this equation and Eq. 6 of (1) 
$= 9+ a-— (V+) 


the contour of an ideal plug nozzle can be determined. 
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Alternate Form of a Result by Nidey 


ROBERT E. ROBERSON! 
Systems Corp. of America, Los Angeles, Calif. 


N A previously published paper (1),? Nidey gives a con- 
venient representation in vector form of the gravitational 
torque on a satellite vehicle, namely 


Me 3w? m(R; X k)(R;-k) (1) 


where M is torque, w? is used to denote the gravitational con- 
stant for the central body divided by the cube of the radial 
distance from the gravitating center to the vehicle center of 
mass, m; is the mass of the ith body particle, R; is its location 
relative to the center of mass, and k is the unit vector along 
the outward-pointing geocentric vertical at the center of mass. 
For some purposes, rather than using his particular transforma- 
tion of coordinate it is desirable to have a general representa- 
tion in terms of the inertia dyadic, which is invarient under 
coordinate rotations, and a set of solar components relative 
to body principal axes. 
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It is clear that Eq. 1 can be rewritten 
M = 3w*k Xk 
i 


where the terms in parentheses form a dyadic. Call it 9*. 
Moreover, the customary inertia dyadic is defined as 
R:R;) 


= m(Ri-Ri& — [3] 


where & is the unit dyadic. 
of J by expanding in component form. 


It is easy to obtain 9* in terms 
First 

~ 


from which Ty 31 = 21 4;*, or, = 41 ii 
3(diag 9). Using this result in Eq. 4, and rewriting the result 


in dyadic notation, 


Using this in turn in Eq. 2, i 


M = 3w*k- [}(diag — J] Xk 
It is obvious from this form or Eq. 2 _— M-k = 0, ie., no 
torque about k. ~ 


4. 
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sin a = [2] 
= 
> 
2 1 
M 
aig 
- 
= 
j 
[2] 
1. 
— 
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Eq. 6 takes the form 


so-called ‘‘e-symbol’’ of tensor analysis. 
= unless 7 = 


pression to obtain 


New Patents 


Now denote by a; the direction cosines of k with respect to 
principal axes in the body, e:, €2, és, so that k = 


{ € tn @1Aml — Tir) }en [7] 


As before, repeated indices denote summation and € im,» is the 
Using the fact that 
f, it is straightforward to work out this ex- 


M = 3w?[acas(I33 — + — 
+ [8] 


Then 


a result which decomposes M directly into body axes. 
is a somewhat more convenient form than components rela- 


This 


tive to the space reference frame given as Nidey’s Eq. 17. 


Then M = 


Reference 
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As a particular case, suppose that k = e;(a, = a2 = 0). 
0, if k is along either of the other principal axes. 


These results were obtained in the course of work for the 
Grumman Aircraft Enginee ring Corp. and are published with 
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Solid composite propellant (2, jae. 


J. Linsk, Highland, Ind., assignor to 
Standard "Oil Co. (Ind). 

Cellulose binder, a catalyst containing 

Prussian blue, and the remainder essen- 
tially ammonium nitrate. 
Propellant powder (2,973,257). D. W. 
Ryker and G. R. Cox, Creve Coeur, Mo., 
assignors to Olin Mathieson Chemical 
Corp. (ARS corporate member). 

Spherical smokeless powder base grain 
in which is dispersed metallic lead, 
lead salts and lead oxides, shaped and 
solidified into gelatinized droplets. 


Full pressure suit helmet and _ torso 


tiedown system (2,973,521). R. 
McGowan Jr., Arlington, Tex., assignor 
to the U. S. Na 


Inflatable suit with rigid neckband for 
attaching a helmet by means of outside 
cables facilitating variation of cable ten- 
sion on neckband, and bending of suit at 
waist. 

Rocket thrust chamber (2,957,592). Z. 
Fox (ARS member), Verona N. J., assignor 
to Thiokol Chemical Corp. (ARS corporate 


member). 


Chamber wall with two distinct sets of 
coolant passageways. Inlet valves allow 


Epitor’s Note: Patents listed above 
were selected from the Official Gazette of 
the U. S. Patent Office. Printed copies 
of patents may be obtained from the 
Commissioner Washington 25, 
D. C., at a cost of 25 cents each; design 
patents, 10 cents. 


“coolant fluid to flow through one set of 


passageways only for low thrust, and both 
sets for high thrust. 


Accelerometers (2,973,647). H. J. Smith 
and W. G. Wing, Roslyn Heights, N. Y., 
assignors to Sperry Rand Corp. (ARS 
corporate member). 

Sensitive element floating in a fluid 
filled chamber for movement along the 
axis. Pickoffs provide a signal output 
with displacement of the element from a 
null position. 


Missile launcher (2,973,691). 
smith, Washington, D. C. 

Magazine for continuously feeding, 
loading, and launching missiles and 
selectively jettisoning duds loaded in 
launching barrel. 


Ignition of solid rocket propellants 
(2,973,713). J. M. Burton, Springfield, 
Va., assignor to Phillips Petroleum 
Ignition sustainer material positioned 
against a plug and in contact with igniter 
material. Ignition of a primer causes 
ignition of an initiator in a perforated 
sleeve connected to a tubular casing. 


H. Gold- 


Solid composite, smokeless, slow burning, 
low flame propellant (2,974,026). G. W. 
Batchelder (ARS member), Glendora, 
Calif., assignor to Aerojet-General Corp. 
(ARS corporate member). 

Polyester resin, styrene, methyl] acryl- 
ate, ammonium nitrate, ammonium di- 
chromate, methyl ethy! ketone peroxide, 
cobalt octoate, and lecithin. 


Moving target radar system (2,974,317). 
H. Klemperer, Belmont, Mass., assignor 
Co. (ARS corporate mem- 

er 

Directional radiating and receiving an- 
tenna, with means for radiating time- 
spaced pulses of HF energy and receiving 
their reflections from targets. 


Rocket with gaseous effluent guide 
(2,974,476). H. M. Fox (ARS member), 
Bartlesville, Okla., assignor to Phillips 
Petroleum Co. 

Guide formed of slowly combustible 


George F. McLaughlin, Contributor 


hard carbon and aluminum, positioned 
in the open end of a shell and against the 
end of the propellant. 

Ignition system for rocket motors 
(2,974,484). R. A. Cooley (ARS mem- 
ber), Rolla, Mo. 

Reactive fluid in a collapsible container 
within an outer shell. Release of a 
compressed spring collapses the container, 
ejecting fluid outside the shell. 
Self-destruction switch (2,974,598). Dr. 
W. B. McLean (ARS member), China 
Lake, Calif., assignor to the War Depart- 
ment. 

Drive shaft turns gears into position to 
actuate an electrical circuit for firing a 
detonator after a predetermined number 
of shaft revolutions. 

Rocket construction (2,976,805). A. 
Africano, G. D. Brewer (ARS members) 
and W. J. Harrington, Ithaca, N. Y., 
assignors to the War Dept. 


U-shaped connection between parallel 
rocket tubes. Tubes joined by web to 
which cable is connected in vertical and 
horizontal alignment with the c.g., stabiliz- 
ing rocket and obviating tendency to 
deflect from course. 

High pressure ratio axial flow 
compressor (2,974,858). J. K. Koffel 
(ARS member), and C. A. Lindley, Sierra 


Madre, Calif., assignor to Thompson 
Ramo Wooldridge, Inc. (ARS corporate 
member). 


Fluid directed to rotor at velocity above 
Mach 1, flow diffused between blades at 
Mach 1, and simultaneously turned and 
diffused ‘subsonically without flow separa- 
tion. 
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Missile structure (2,976,806). 
Risk and B. E. Geddes, West Covina, 
Calif., assignors to General Dynamics 
Corp. (ARS corporate member). 


Electronics section including multiple 

modules with outer frame surfaces flush 
with missile surface. Modules fastened 
to one another, forming a load bearing 
part of missile structure. 
Space vehicle attitude control system 
(2,974,594). J. Boehm (ARS og ae 
Huntsville, Ala., assignor to the U. S. 
Army. 

Four pairs of reaction motors on after 

part of vehicle. Each has oppositely 
directed nozzles actuated by a sensing 
element to turn vehicle about its various 
axes. 
Propellant grain igniter (2,974,596). R. 
C. Allen (ARS member), Woodbury, 
N. J., assignor to E. I. du Pont de Ne- 
mours and Co. 

High explosive compound, an oxidant, 
and fuel in a cavity extending the length 
of the grain, confined in a metal sheath. 
Radiant energy source (2,975,375). L. 
Goldstein, Urbana, IIl., assignor to 
IT & T Corp. 

RF energy source in a missile. Stream 

of ionized high temperature gases having 
high electron density produced and mixed 
with electronegative particles. 
Plasma propulsion (2,975,332). W. L. 
Starr, Palo Alto, Calif. assignor to 
Lockheed Aircraft Corp. (ARS corporate 
member). 

Plasma introduced between a pair of 

electrodes causes electrical voltages to 
break down gap, accelerating plasma away 
from a metal “‘backstrap.”’ 
Thermal monofuel reactor (2,975,588). 
L. C. Smith, Livonia, Mich., assignor to 
Wyandotte Chemicals Corp. (ARS cor- 
porate member). 

Initiator, extending axially of an annular 

spray of fuel, heated to initiate autode- 
composition of fuel. 
Reheat fuel system (2,975,589). J. W. 
Vdoviak, Cincinnati, Ohio, assignor to 
General Electric Co. (ARS corporate 
member). 

Wide modulation range for turbojet 
engine. Selector controls fuel flow to 
distribution systems in response to move- 
ments of throttle, injecting fuel near 
flameholder or upstream of flameholder. 
Proportional collant flow thrust chamber 
(2,975,590). A. Vonder Esch, 
Flanders, N. J., assignor to Thiokol 
Chemical Corp. (ARS corporate member). 

Ribs from annular coolant passageways 
between inner and outer shells of combus- 
tion chamber. Part of collant flows directly 
to passageways of critical throat section. 
Conical (2,975,591). Z. Fox 
(ARS member), Verona, N. J., assignor to 
Thiokol Chemical Corp. (ARS corporate 
member). 

Injector head for rocket motor. Pro- 
pellant passageways in a cone with in- 
wardly directed orifices. Alternate 
passageways are supplied with different 
propellant fluids. 

Pressure-operated systems with ignitable 
(2,975,595). E. H. Lyons Jr. 
lsah, Ill., assignor to Chromalloy Corp. 


1294 


_ Auxiliary propellant unit for emergency 
use as power source. Body has inter- 
connected valve and cartridge chambers. 
A piston-like shuttle valve is mounted for 
sliding sealing movement within valve 
chamber. 


Variable geometry diffuser control for jet 
engines (2,976,677). J. E. Taylor, Cleve- 
land, Ohio, assignor to Thompson Ramo 
a Inc. (ARS corporate mem- 

Tr 

Apparatus for sensing position of shock 
wave formed at transition point of air 
slowing from supersonic to subsonic 
velocity. An alpha particle emitting 
substance ionizes space between members 
supporting an air streamlining cone. 


Restricted solid propellant (2,976,678). 
D. E. Kennedy (ARS member). Park 
Forest, Ill., assignor to Standard Oil Co. 
(Ind). 

Coating of combustible pressure-sensi- 
tive tape 0.006 in. thick restrains burning 
of body material for time equal to burnout 
time of gas producing material, affording 
sustained burning of solid propellant grain. 
Tubular rocket combustion chamber 
(2,976,679). J. E. Dalgleish, Cleveland, 
Ohio, assignor to Veet Industries. 

Tubes forming a shell of circular cross 
section and varying diameters. Cross 
sections reduced at minimum diameter of 
combustion chamber to increase velocity 
of tube contents. 

Combination igniter and nozzle (2,976,- 
680). D.D.Kobbeman, McGregor, Tex., 
assignor to the USAF. 

Combustion chamber loaded with solid 

propellant having longitudinally axial 
perforation through center, and small 
openings normally closed with coating 
which fails when subjected to heat. 
Clam shell thrust reversers with noise 
suppressors (2,976,681). H. L. Bohm 
and W. H. Pearson, Seattle, Wash., as- 
signor to The Boeing Co. (ARS cor- 
porate member). 

Composite exterior housing enclosing 

a duct and having jet nozzle for normal 
exit of gases. Taileone may be moved 
rearward to increase gap between housing 
and terminal element. 
Target position computer (2,977,049). E. 
D. Gittens, Dr. C. Brock (ARS mem- 
bers), R. Y. Miner "and Q. J. Evans, 
Floral Park, N. Y., assignor to American 
Bosch Arma Corp. (ARS _ corporate 
member). 

Device for continuously determining 

position of moving target, and for receiving 
indications of speed, course curvature 
and course of own ship, and true range 
and relative bearing of target, providing 
rectangular coordinates. 
Balloon launching method (2,977,069). 
W. F. Huch and Dr. J. R. Winckler (ARS 
member), St. Paul, Minn., assignors to the 
U.S. Navy. 

Gathered uninflated part extends 

laterally from bottom of gas-containing 
bubble part, tethered by a line from which 
lift is measured during preparation of 
launching. 
Aircraft having a detachable cabin 
(2,977,080). H. Ph. von Zborowski, 
Chateau de Boussy - St. Antoine par 
Brunoy, France. 

Cabin with pilot controls for varying 

direction of propelling rocket through a 
variety of angles after detachment of 
cabin from body. 
Tip-jet driven ducted fan for aircraft 
(2,978,205). C. V. Constant, San Diego, 
Calif., assignor to Ryan Aeronautical Co. 
(ARS corporate member). 

Plenum chamber in hub of fans in duct 
at inner portions of aircraft wing panels. 


Chamber leads to blade interior. Blades 


have jet units mounted at tips. 


Radial flow lift device (2,978,206). D.S. 
Johnson, Dunn Loring, Va 

Airfoil having fixed concave circular 
surface. An impeller comprising a disk 
with blades rotates in central opening of 
airfoil. Gas at high velocity is discharged 
over outside of fixed surface. 


Hydrofuel (2,978,304). R. B. Cox (ARS 
member), Pomona, Calif., assignor to Aero- 
jet-General Corp. (ARS corporate mem- 


Alloy containing 2 to 5% of sodium, 
30 to 44% of calcium, and 51 to 68% of 
lithium. 

Propellant compositions (2,978,305). Dr. 

RW. Lawrence (ARS member), Glendora, 
Calif, assignor to Aerojet-General Corp. 
(ARS. corporate member ). 

Solid composition comprising a non- 
metallic inorganic oxidizing salt, an un- 
saturated polyester resin, and a burning 
rate acceleration catalyst. 


Missile structures (2,979,285). E. Pla- 
nitzer, Nurtingen, Wurttemberg, Germany. 


Coupling for head and body, having 
c.g. adjustment in form of fine thread 
connection of small lead with body, and 
gross thread connection of large lead with 
head. 

Ammonium perchlorate-asphalt base 
and catalyst consisting of a mixture of 
chromium sesquiode and acid activated 
aluminium silicate. 


Turbo-jet aircraft design (190,064). L.B. 
Rellis, Chicago, Ill. 

Body of circular constant section, wings 
of low aspect ratio, and multiple jet 
engines mounted at tail surface. 


Adjustable nozzle for rocket (2,978 866). 
K. Clark, Bloomfield Hills, Mich., assignor 
to Curtiss-Wright Corp. 

Nut threaded on exhaust throat. Cams 
between nut and throat alter outlet as 
nut is turned. Index mark on nut indi- 
cates relative position of cams. 


Powder reactor for self-propelled pro- 
jectiles (2,978,867). C. A. Somville, 
Burcht-lez-Anvers, Belgium. 

Piston partitions combustion chamber 
powder charge. When  overpressures 
occur, piston moves to increase combustion 
volume and reduce overpressures. 


Combustion system with cooled dividing 
partition (2,978,868). S. R. Puffer, Hart- 
land, Vt., assignor to General Electric 
Co. (ARS corporate member). 

Ducted fan type turbine with after- 
burner. Cylindrical walls of vaporizing 
chamber cooled internally by vaporiza- 
tion of fuel, and externally by vaporized 
fuel injected into passages between walls 


Missile guidance system (2,979,284). 
S. A. Genden and H. D. Paget (ARS 
members), Detroit, Mich., assignors to 
Continental Aviation & Engineering Corp. 
(ARS corporate member). 

Adjustable means on ballistic missile 
increases drag coefficient to alter trajec- 
tory in vertical plane only, within pre- 
determined limits. 
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Numerical Weather Analysis and Predic- 
tion, Philip D. Thompson, (Chief, De- 
velopment Section, Joint Numerical 
Weather Prediction Unit, Washington, 


D. C.) Macmillan Co., N. Y., 1961, 170 
+ xiv pp., 18 figs. $6.50. 
Chapters: 1. Introduction; 2. Funda- 


mental Physical -Principles and Their 
Mathematical Expression; 3. Dynamical 
Weather Prediction as a Mathematical and 
Numerical Process; 4. Pure Types of 
Wave Motion in the Atmosphere; 5. 
Finite-Difference Methods of Solving the 
Linear Equations for Sound, Gravity and 
Rossby Waves; 6. Mixed Types of Wave 
Motion in the Atmosphere: The Filtering 
Problem; 7. The Equivalent-Barotropic 
Model; 8. Numerical Methods for Solving 
the Modified Nonlinear Equations; 9. 
The Cyclogenesis Problem and the Modi- 
fied Equations for Barocliniec Flow; 10. 
Baroclinic Instability and Other Aspects 
of Cyclogenesis; 11. Reexamination of the 
Filtering Problem; 12. Solution of the 
Primitive Equations; 13. Numerical 
Weather Analysis and Forecasting in 
Routine Practice; 14. A Miscellany of 
Errors and Unsolved Problems; 15. 
Outlook for the Future. 

This is the first book length treatment of 
new techniques of weather forecasting by 
means of high speed automatic digital 
computers, stressing fundamental physical 
and mathematical aspects of the subject. 
The author explains that the book is a 
compromise between two slightly con- 
flicting purposes, since it is designed both 
for those with a general background in 
mathematics and physics but without any 
special knowledge of meteorology, and as a 
textbook on numerical weather prediction 
for students of dynamical meteorology on 
the graduate level. 


Concepts from Tensor Analysis and Differ- 
ential Geometry, Tracy Y. Thomas 
(Graduate Institute for Mathematics and 
Mechanics, Indiana Univ., Bloomington, 
Ind.,) Academic Press, N. Y., 1961, 119 + 
vii pp. $5.60. 

Chapters: 1. Coordinate Manifolds; 2. 
Scalars; 3. Vectors and Tensors; 4. A 
Special Skew-Symmetric Tensor; 5. The 
Vector Product. Curl of a Vector; 6. 
Riemann Spaces; 7. Affinitely Connected 
Spaces; 8. Normal Coordinates; 9. 
General Theory of Extension; 10. Abso- 
lute Differentiation; 11. Differential In- 
variants; 12. Transformation Groups; 13. 
Euclidean Metric Space; 14. Homo- 
geneous and Isotropic Tensors; 15. Curves 
in Space. Frenet Formulae; 16. Surfaces 


The books listed here are those recently 
received by the ARS from various publish- 
ers who wish to announce their current 
offerings in the field of astronautics. The 
order of listing does not necessarily indicate 
the editors’ opinion of their relative impor- 
tance or competence, 


SEPTEMBER 1961 


in Space; 17. Mixed Surface and Space 
Tensors. Coordinate Extension and Ab- 
solute Differentiation; 18. Formulae of 
Gauss and Weingarten; 19. Gaussian and 
Mean Curvature of a Surface; 20. Equa- 
tions of Gauss and Codazzi; 21. Principal 
Curvatures and Principal Directions; 22. 
Asymptotic Lines; 23. Orthogonal En- 
nuples and Normal Congruences; 24. 
Families of Parallel Surfaces; 25. De- 
velopable Surfaces. Minimal Surfaces. 

First in a new series of monographs 
and textbooks entitled ‘““Mathematics in 
Science and Engineering,’’ this book is an 
introductory textbook designed for a one- 
semester course at the graduate level, for 
students of pure mathematics as well as 
for those whose primary interest lies in the 
study of certain aspects of applied mathe- 
matics including the theory of relativity, 
fluid mechanics, elasticity and plasticity 
theory. 


The Abundance of the Elements, Lawrence 
H. Aller (Observatory of the Univ. of 
Michigan, Ann Arbor, Mich.), Interscience 
Publishers, N. Y., 1961, 283 + xipp. $10. 

Chapters: 1. The Nature and Scope of 
the Problem of Elemental Abundance; 
2. Composition of the Earth and Its Crust; 
3. Meteorites; 4. Abundances Derived 
From Gaseous Nebulae; 5. Abundances 
of Elements From Normal Stellar Atmos- 
pheres; 6. Abundances From Cosmic Rays; 
7. Isotope Abundances; 8. General Abun- 
dance Compilations; 9. Composition 
Differences Between Stars; 10. Theories 
of the Origin of the Elements. Author 
Index. Subject Index. Index of Stars, 
Clusteis and Nebulae. 

Vol. VII in the series titled ‘Interscience 
Monographs and Texts in Physics and 
Astronomy,” this work, which includes a 
large number of figures and _ tables, 
discusses the Earth’s crust and meteorites 
in a brief, descriptive manner and con- 
centrates on abundances derived from ce- 
lestial objects. A short summary of 
theories of element building in stars is 
given in the last chapter. 


Satellite Environment Handbook, Francis 
§S. Johnson, ed. (Manager of Space 
Physics, Lockheed Missiles and Space 
Div., Palo Alto, Calif.), Stanford Univ. 
Press, Stanford, Calif., 155 + xii pp., 57 
figs., 17 tables. $5.50. 

Chapters: Introduction; 1. Structure of 
the Upper Atmosphere by Francis S. 
Johnson; 2. Structure of the Ionosphere 
by W. B. Hanson; 3. Penetrating Radia- 
tion by A. J. Dessler; 4. Solar Radiation 
by Francis S. Johnson; 5. Micrometeorites 
by J. F. Vedder; 6. Radio Noise by O. K. 
Garriott; 7. Thermal Radiation From the 
Earth by Franics S. Johnson; 8. Geomag- 
netism by A. J. Dessler. Appendix (Sup- 
plementary Data): Solar-System Data; 
Earth Satellites and Space Probes—April 
24, 1961; Conversion Factors; Useful 


Physical Constants. 


Satellite-environment data presented 
here have been compiled principally in 
response to questions from engineering 
projects to Lockheed’s Space Physics Re- 
search organization. Available data de- 
scribing the geophysical environment en- 
countered by satellites are presented in a 
comprehensive survey, with the major 
satellite-environment factors discussed and 
existing data evaluated. 


Missile Configuration Design, S. S. Chin 
(Chief Aerodynamics Engineer, The Mar- 
tin Co., Orlando, Fla.), MeGraw-Hill 
Book Co., N. Y., 1961, 279 + xvi pp. 
$11. 

Chapters: 1. Introduction; 2. General 
Aerodynamic Design Considerations; 3. 
Aerodynamic Characteristics of Airframe 
Components; 4. Missile Performance; 
5. Static Longitudinal Stability and Con- 
trol; 6. Maneuvering Flight; 7. Direc- 
tional Stability and Control; 8. Lateral 
Stability and Control; 9. Dynamic Sta- 
bility; 10. Air Loads; 11. Aerodynamic 
Launching Problems; 12. Free-Flight 
Dispersions; 13. Powerplant Design Char- 
acteristics; 14. Structural Design Char- 
acteristics. Appendixes: Determination 
of Radius and Volume of Tangent Ogives; 
Expression and Coordinates of Different 
Nose Shapes; Optimum Wing Study; 
Derivation of Incremental Velocity Due to 
Boost; Derivation of Expression for V 
for Iteration Method; Determination of 
Downwash From Wind-Tunnel Test Re- 
sults; Determination of Damping Deriva- 
tives From Wind-Tunnel Test Results; 
Determination of Aerodynamic Deriva- 
tives From Flight-Test Data. 

The purpose of this book is to present 
some of the basic principles in configura- 
tion design of guided missiles. Contain- 
ing a large number of figures and tables, 
with each chapter referenced, the book is 
slanted primarily toward the aerodynami- 
cist in preliminary design and is also in- 
tended for use as a working handbook for 
aeronautical engineers in their first as- 
signments in the missile industry, or by 
missile engineers not directly concerned 
with external design. 


Meteor Science and Engineering, D. W. 
R. McKinley (Associate Director, Radio 
and Electrical Engineering Div., National 
Research Council, Ottawa, Canada), Me- 
Graw-Hill Book Co., N. Y., 1961, 309 + 
ix pp., illustrated. $12.50. 

Chapters: 1. Historical Survey; 2. 
Some Elements of Astronomy and Radio; 
3. Visual and Photographic Techniques; 
4. Radio Techniques; 5. Observational 
Data on Meteors; 6. Astronomical Aspects 
of Meteors; 7. Physical Theory of 
Meteors; 8. Radio Echo Theory; 9. 


Forward-Seatter From Meteor Trails; 
10. Other Effects of Meteor Trails. 
Appendix: Upper-Atmosphere Data. 
Bibliography. Name Index. Subject In- 


dex. 
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of the McGraw-Hill ‘Series in 


Engineering Sciences,’ this work sum- 
marizes the major observational and 
theoretical developments in meteor 
science. The book is aimed primarily at 
the man who has not specialized in meteor 
research but who would like to learn some- 
thing of the background, possibly because 
he is a scientist or engineer engaged in 
work in which meteors may play some 
part. 


Plasmas and Controlled Fusion, David 
J. Rose and Melville Clark Jr. (Professor 
and Associate Professor of Nuclear Engi- 
neering, respectively, at M.I.T.), M.I.T. 
Press, Cambridge, Mass., and John Wiley 


& Sons, N. Y., 1961, 493 + xiv pp. 
$10.75. 

Chapters: 1. Energy Needs and Re- 
sources; 2. Collision Phenomena: Basic 


Theory and Fusion Cross Sections; 3. 
Collison Phenomena: Atomic and Surface 
Effects; 4. Velocity Distributions and 
Averages; 5. Maxwell’s Equations and 
Electromagnetic Energy; 6. The Hydro- 
magnetic Equations; 7. Macroscopic 
Motions of a Plasma; 8. Coulomb Inter- 
actions and Their Consequences; 9. 
Plasma Waves of Small Amplitudes; 10. 
Motion of Individual Charges; 11. Radia- 
tion Losses From a Plasma; 12. Plasma 
Stability; 13. Energy Balance and Mate- 
rial Problems; 14. Devices Based upon the 
Pinch Effect; 15. Mirror-Like Devices; 16. 
The Stellarator. Appendizes: Glossary; 
Conversion of Units; Frequently Used 
Vector Relations; Frequently Used Physi- 
cal Constants. 

This is a graduate level textbook on the 
principles underlying plasma physics and 
controlled fusion, planned for a two-se- 
mester course. Each chapter contains a 
set of problems and a reference list, and 
the subject matter moves from first princi- 
ples to advanced concepts. The reader is 
assumed to have a moderate knowledge of 
atomic physics, differential equations, 
electricity and magnetism, and thermo- 
dynamics. 


Axial Flow Fans, R. A. Wallis (Senior 
Scientific Officer, Aeronautical Research 
Laboratories, Department of Supply, 
Melbourne, Australia), Academic Press, 


Technical Literature Digest 


The James Forrestal Research Center, Princeton University 


and Combustion 


Research on the Hazard Classification 
of New Liquid Rocket Propellants, by 


Epitror’s Note: Contributions from Pro- 
fessors E. R. G. Eckert, E. M. Sparrow 
and W. E. Ibele of the Heat Transfer Lab- 
oratory, University of Minnesota, are 
gratefully acknowledge. 


1296 


N. Y., 1961; 366 + x pp., illustrated. 
$10. 

Chapters: 1. Introduction; 2. Introduc- 
tion to the Fluid Mechanics of Ducted 
Fans; 3. Boundary Layer and Skin Fric- 
tion Relations; 4. Aerofoil Data for Blade 
Design; 5. Vortex Flows in Ducting and 
Fan; 6. Ducts; 7. Introduction to Fan 
Design Methods; 8. Rotor: Momentum 
Considerations—Free Vortex Flow; 9. 
Rotor: Blade Element Considerations— 
Free Vortex Flow; 10. Rotor Losses; 11. 
Stator Design; 12. Stator Losses; 13. 
Tail Fairing Design and Associated Losses; 
14. Overall Efficiencies; 15. Torque, 
Thrust and Power; 16. Design of Fan 
Unit with Arbitrary Vortex Flow; 17. 
Noise; 18. Design Examples; 19. Rotor 
Analysis; 20. Stator Analysis and Overall 
Fan Unit Performance; 21. Variable 
Pitch Rotors and Examples of Fan Analy- 
sis; 22. Fan Testing; 23. Review of De- 
sign Assumptions. Appendix: Free Fans. 

This book seeks to fulfill the need for a 
modern comprehensive treatment of the 
aerodynamics of ducted axial flow fans, 
and is designed primarily for the ventilat- 
ing engineer. The material is presented in 
a modern aerodynamic manner, with the 
traditional hydraulic notation discarded. 
The results of aerodynamic research are 
analyzed and then presented as a consist- 
ent and working theory, capable of being 
used by engineers in the solution of prob- 
lems. Containing a large number of 
figures, the work also includes 22 tables of 
numerical data. 


The Theory of Subsonic Plane Flow, L. C. 
Woods (Fellow of Balliol College, Oxford, 
formerly Nuffield Professor of Mechanical 
Engineering, Univ. of New South Wales, 
Australia), Cambridge University Press, 
N. Y., 1961, 594 + xxiipp. $22.50. 
Contents: Part I, Fluid Motion Theory: 
1. Introductory Theory; 2. General 
Theory of Two-Dimensional Flow. Part 
II, Complex Variable Theory: 3. Cauchy 
Integrals and Their Application to Hare 
monic Function Boundary Value Prob- 
lems; 4. Mixed and Periodic Boundary 
Conditions; 5. Conformal Mapping. Part 
III, Applications: 6. General Account of 


Methods—Sources, Doublets and Vor- 
tices; 7. Flow in Channels; 8. Aerofoil 


Theory; 9. Unsteady Aerofoil Theory; 
10. Flow Past Semi-Infinite Profiles; 11. 
Wakes and Cavities; 12. Cascades of 
Aerofoils; 13. Lifting Aerofoils in Channels 
and Jets; 14. Unsteady Motion of Aero- 
foils in Channels and Jets; Concluding 
Remarks. 

Vol. III of the ‘‘Cambridge Aeronautical 
Series,”’ this book is designed to provide a 
concise and systematic treatment of two- 
dimensional, subsonic, inviscid fluid mo- 
tion by employing the same mathematical 
methods and _ variables throughout. 
Another aim is to present some recent de- 
velopments in a text for the first time. It 
is claimed to be the first book to give an 
extensive account of mixed boundary- 
value problems and to treat such examples 
of these problems as occur in ventilated 
wind-tunnel theory, jet flaps and unsteady 
Helmholz motions. 


Methods of Celestial Mechanics, Dirk 
Brouwer and Gerald M. Clemence ( Direc- 
tor of the Yale Univ. Observatory, New 
Haven, Conn., and Scientific Director of 
the U.S. Naval Observatory, Washington, 
D. C., respectively), Academic Press, 
N. Y., 1961, 598 + xx pp. $15.50. 

Chapters: 1. Elliptic Motion; 2. Ex- 
pansions in Elliptic Motion; 3. Gravita- 
tional Attraction Between Bodies of 
Finite Dimensions; 4. Calculus of Finite 
Differences; 5. Numerical Integration of 
Orbits; 6. Aberration; 7. Comparison of 
Observation and Theory; 8. The Method 
of Least Squares; 9. Differential Correc- 
tion of Orbits; 10. General Integrals. 
Equilibrium Solutions; 11. Variation of 
Arbitrary Constants; 12. Lunar Theory; 
13. Perturbations of the Coordinates; 14. 
Hansen’s Method; 15. The Disturbing 
Function; J6. Secular Perturbations; 17. 
Canonical Variables. 

Intended to provide a comprehensive 
background for practical applications, this 
volume is designed for graduate and ad- 
vanced undergraduate students, as well as 
for engineers and others desiring to acquire 
some knowledge of celestial mechanics. 
It may also be used as a reference volume 
by specialists, since the presentation and 
arrangement have been designed to facili- 
tate numerical work as much as possible. 


T. Spring, North Amer. Aviation Inc., 
Rocketdyne Div., R-2452-4, Quar. Prog. 
Rep., Jan. 31, 1961, 47 pp. 


Methane-Oxygen Flame Structure, III. 
Characteristic Profiles and Matter and 
Energy Conservation in a One Twentieth 
Atmosphere Flame, by R. M. Fristrom, 
C. Gunfelder and S. Favin, J. Phys. Chem., 
vol. 65, no. 4, April 1961, pp. 587-590. 


Peroxides and Peroxy Radicals in 


M. H. Smith, Associate Editor 


Seakins, 


Propane Oxidation, by M. 
A 261, 


Royal Soc., London, Proc. vol. 
no. 1305, April 1961, pp. 281-290. 


Materials and Structures 


A Closed- po System for Gas Bear- 
ings, by J. H. Laub and H. D. McGinness, 
Calif. Inst. Tech., Jet Propulsion Lab. 
Tech. Release 34-174, Jan. 1961, 17 pp. 


ARS JourNnaL 


thd 
= 
as 
ah 
& 


Nonlinear Theories for Thin Shells, The Effect of Radiation on Materials, Thermal Stresses in Multi - Layer 
by J. Lyell Sanders Jr., Harvard Univ., J. J. Harwood, Henry H. Hansner, J. G. Spherical Shells, by G. R. Cowper, 
Marse and W. G. Rauch, eds., (Office of Canada National Res. Council, NRC LR- 


Div. Engng. and Appl. Phys. Tech. Rep. 
10, Feb. 1961, 29 pp. Naval Research), Reinhold Publishing 300, Feb. 1961, 13 pp., 8 figs. 
Electrets, by Dorothy Sweitzer, Calif. Corp., N. Y. 1958, 355 pp. Phase Relationships in Tantalumrich 
» by y , Calif. 
Tech., Jet Propulsion Lab. Literature Defects in Solids and Current Concepts | Tanalum-Ruthenium Alloys at 1500°C, by 
Search 308, Feb. 1961, 32 pp. of Radiation Effects, by G. J. Dienes, C. W. L. 
sure Diaphragms for Use in Shock Tunnels Radiation Effects on Physical and a: Dis. Teck, Note C238, March 1961, 
and Gas Guns, by J. J. Rast, Nav. Ord. Metallurgical Properties of Metals and in th d for Finding A ; Emi 
Lab. NAVORD Rep. 6865, Sept. 6, 1960, Alloys, by E. S. Billington, pp. 99-125. _ Met t va winding Approximate Emis- 
7 pp., illus., charts, tables, dagrs. (Bal- Influence of Radiation Upon Corrosion ao of Various Surfaces, by F. K. 
listics Res. Rep. 29.) Pp eaver, _ Alomic Energy Commission 
' a Behavior and Surface Properties of SCDR 167-59, Oct. 1959, 11 pp. 
Structural and Insulative Characteristics Metals and Alloys, by M. Simmad, Aectnnaiies and ‘hideeaiiien Proceed- 
of Ablating Plastics, by Franklin A. Vas- pp. 126-143. dc S 
sallo, Norman E. Wahl, Gerald A. Ster- — gs (Durand Centennial Conference, Stan- 
butzel and John L. Beal, Cornell Aeron Effects of Radiation on Electrodes and ford University, Aug. 5-8, 1959) Nicholas 
ink 22 14 fi “4 ? j Optical Properties of Inorganic Di- John Hoff and Walter Guido Vincenti, 
+» £2 pp., gs. : electric Materials, by R. Smoluchowski, eds., Pergamon Press, N. Y. 1960, 460 pp. 
A Note on the Use of Sandwich Struc- pp. 144-158. (AFOSR TR 59-108) 


tures in Severe Acoustic Environments, by 
D. J. Mead, Southampton Univ., Dept. 
Aeron. Astron. Rep. 145, July 1961, 
34 pp. 

Reaction of Copper and Fluorince From 
800° to 1200°F, by Patricia M. O’Donnell 
and Adolph E. Spakowski, NASA Tech. 
Note D-768, April 1961, 15 pp. 

Third Annual Conference on Aviation 
and Astronautics, Tel-Aviv and Haifa, 
Israel, Inst. of Tech., Dept. Aeron. 
Engng. (reprint from Bull. Research 
Council of Israel, vol. 9C, no. 1-2, Feb. 
1961), Feb. 1961, 121 pp. 

Buckling of Thin Circular Conical Shells 

Subjected to Axisymmetrical Tempera- 

ture Distributions, by J. Singer, pp. 


Effects of Radiation on Semiconductors, 

y H. Y. Fan and K. Lark-Horovitz, 

pp. 159-190. 

Experimental Techniques and Current 

Concepts-Organic Substances, by M. 

Burton, pp. 243-260. 

Effects of Radiation on Behavior and 

Properties of Polymers, by 

Charlesby, pp. 261-286. 

Bibliography ‘‘Effect of Irradiation on 

Solids,’? by H. Friedmann, pp. 305-339. 

Stability of a Cylindrical Shell under 
Twisting, External Pressure and Com- 
ression, by O. I. Terebushko, ARS 
OURNAL, vol. 31, no. 3, March 1961, pp. 
378-386. 

Saint-Venant’s Problem for Thin- 


Frontiers of Flight Structures Design, 
by Richard R. Heldenfels, pp. 29-50. 
Transient Temperature and Thermal 
Vibrations in Space Structures, by 
Luigi Broglio, pp. 52-75. 

New Developments in the Non-linear 
Theories of the Buckling of Thin Cy- 
lindrical Shells, by W. F. Thielemann, 
pp. 76-121. 

Creep Buckling of Plane Frameworks, 
by Jan Hult, pp. 227-246. 
Thermodynamic Foundations of the 
Theory of Deformation, by J. F. 
Besseling, pp. 247-266. 

Leading Edge Structures of Hypersonic 
Vehicles, by Wilfred H. Dukes, pp. 
267-287. 

Thermoelectric Materials and Devices, 


49-50. 
The Mechanical Properties and Struc- Walled Tubes with a Circular Axis, by ille 
ture of Some High Tensile Alloy Steels K. F. Chernykh, Appl. Math. Mech, B. Cadoff 
(PMA, vol. 24, no. 3, 1960, pp. 619-632, 


by S. Becker and M. G. Bader, pp. 


61-78. 

High Speed Testing, Plas-Tech Equip- 
ment Corporation, vol. 1. A Symposium 
held at Boston, Mass., Dec. 8, 1958, 
Interscience Publishers, N. Y., 1960, 112 
pp. 

Review of a High-Speed Tensile Test- 

ing Program for Thermo-Plastics, by 

Richard E. Ely, pp. 3-25. 

High-Rate Tension Testing of Plastics, 

by Stephen Strella, pp. 27-40. 

Stress Relaxation-Theory and Practice, 

by Henry M. Morgan, pp. 83-96. 

Effect of Strain Rate and Temperature 

on the True Stress-True Strain Prop- 

erties of Commercially Pure Titanium, 

by Thomas S. DeSisto and David E. 

Driscoll, pp. 97-105. 

Studies of Metals at Ballistic Rates of 

Loading, by J. O’Brien and R. 8. Davis, 

pp. 107-112. 

Ballistic Missile and Space Technology, 
v. IV, Reentry and Vehicle Design, 
Donald P. LeGalley, ed., Symposium on 
Ballistic Missile and Space Technology, 
Los Angeles, August 1960, Academic Press, 
N. Y., 1960, 422 pp. 

The Pyrolysis of Plastics in a High 

Vacuum Arc Image Furnace, by Henry 

L. Friedman, pp. 3-29. 

Aerothermod ic Feasibility of 

Graphite for Hypersonic Glide Vehicles, 

by 8S. M. Scala and E. J. Nolan, pp. 

31-63. 

An Engineering Analysis of the Weights 

of Ablating Systems for Manned Re- 

entry Vehicles, by Robert T. Swan, 

pp. 65-86. 

Rocket Casing Behavior Predicted by 

Laboratory Tests, by J. D. Marble, 

pp. 153-172. 

The Numerical Solution of Axi-Sym- 

metric Problems in Elasticity, by S. 

D. Conte, K. L. Miller and C. B. 

Sensing, pp. 173-202. 
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The Strength of Ceramic Materials, by 
Winston H. Duckworth and Alfred 
Rudnick, Battelle Tech. Rev., vol. 10, no. 
4, April 1961, pp. 3-8. 

Recent Developments in Lubricants, by 
Stanley L. Cosgrove and Richard L. 
Jentgen, Battelle Tech. Rev., vol. 10, no. 
4, April 1961, pp. 9-13. 

Testing Techniques for Full-Scale Mis- 
sile Structures Under Simulated Re-entry 
Environment, by R. T. Nichols, Experi- 
mental Mech., vol. 1, no. 1, Jan. 1961, 
pp. 8-15. 

Experimental Study of Large-Diameter 
Thin-Wall Pressure Vessels, by A. J. 
Durelli, J. W. Dally and S. Morse, Ez- 
perimental Mech., vol. 1, no. 2, Feb. 1961, 
pp. 33-42. 

Experimental Investigation of the Buck- 
ling Instability of Monocoque Shells, by 
R. H. Homewood, A. C. Brine and Aldie 
E. Johnson, Jr., Experimental Mech., vol. 
1, no. 3, March 1961, pp. 88-96. 

Measuring Repeated Strains With a 
Modified Null-Balancing Strain Indicator, 
by R. S. Loubser and W. W. Schroeder, 
Experimental Mech., vol. 1, no. 4, April 
1961, pp. 136-140. 

Spherically Symmetric Thermal Shock 
in a Medium With Thermal and Elastic 
Deformations Coupled, by G. A. Nariboli, 
Quarterly J. Mech. and Appl. Math., 
vol. 14, part 1, Feb. 1961, pp. 75-84. 

On Recent Developments in Shell 
Theory, by W. Zerna, Zeitschrift fur 
Angewardte Math. und Mech., vol. 41, 
no. 3, March 1961, pp. 97-100. (In 
German.) 

Effect of Target Thickness on Cratering 
and Penetration of Projectiles Impacting 
at Velocities to 13,000 feet per second, 
by William H. Kinard, C. H. Lambert 
Jr., David R. Schryer and Francis W. 
Casey Jr.,. NASA Mem. 10-18-58L, Dec. 
1958, 20 pp. (Declassified by authority 
of NASA TPA no. 45, May 11, 1961). 


Properties Affecting the Utility of 
Thermoelectric Materials, by Philipp 
H. Klein, pp. 55-83. 

Measurement of Pertinent Thermo- 
electric Properties, by Theodore C. 
Harman, pp. 84-97. 

Thermoelectric of Bi:Te; 
and some Bi:Te; Alloys, by E. H. 
Lougher, pp. 133-142. 

Lead Telluride Alloys and Junctions, 
by R. W. Fitts, pp. 143-162. 
Thermoelectric Properties of Refrac- 
tory Materials, by John R. Gambino, 
pp. 163-172. 

Ionic Materials, by R. W. Christy, pp. 
173-183. 

Liquids as Thermoelectric Materials, 
by Rudolph Marcus and Clinton M. 
Kelley, pp. 184-193. 

Molten Salts as Thermoelectric Ma- 
terials, by Benson Sundheim, pp. 194- 
198. 


Modern Dielectric Materials, J. B. 


Birks, ed., Heywood and Co., London, 
1960, 253 pp. 


Paper, by H. C. Hall and E. Kelk, pp. 
6-44. 


Hydrocarbon Insulating Oils, by N. 
Pilpel and E. H. Reynolds, pp. 45-67. 
Chlorinated Hydrocarbons, by J. B. 
Birks, pp. 68-78. 

Natural and Synthetic Rubbers, by 
W. J. Green and S. Verne, pp. 79-94. 
Synthetic High Polymers, by J. B 
Birks, pp. 95-144. 

— by D. J. Dowling, pp. 145- 
163. 

Ceramics, by P. Popper, pp. 164-195. 
Glass, by H. E. Taylor, pp. 196-220. 
Mica and Micanite, by J. B. Birks, pp. 
221-229. 

Fibers and Textiles, by J. W. S. Hearle, 
pp. 230-253. 
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Mechanical 


or Aeronautical . 
Engineers with 


MASTERS 
DEGREES... 


Mechanical or Aeronautical Engineers 
with M.S. Degrees and some research or de- 
velopment experience are required for an 
extensive research program in advanced 
rocket propulsion concepts. A comprehen- 
sive knowledge of fluid mechanics is re- 
quired (compressible viscous flows, turbu- 
lence, transport phenomena) along with the 
ability to apply this knowledge to unusual 
fluid flow problems. Both theoretical and 
experimental programs are being conducted. 

This program has strong corporate 
sponsorship with all that this implies in per- 
sonal stability. Available are excellent exper- 
imental, computational, and library facilities 
with experienced supporting personnel. 
Attractive salary levels and benefits are 
available to qualified individuals. 


We invite you tocontact Mr.W.F.Walsh 


RESEARCH LABORATORIES 
UNITED AIRCRAFT CORPORATION 


400 Main Street, East Hartford 8, Conn. 


All qualified applicants will receive consideration for employment 
without regard to race, creed, color or national origin. 


Non-Crystalline Solids, (Conference on 
Non-Crystalline Solids, Alfred, New York, 
Sept. 3-8, 1958) V. D. Frechette, ed., 
John Wiley & Sons, N. Y. 1960, 536 pp. 

Structure of Vitreous Silica by Total 

Neutron Scattering, by R. M. Delaney 

and A. H. Weber, pp. 96-116. 

High Temperature X-Ray Diffraction 

Methods Applied to the Study of Non- 

Crystalline media. Structure of Molten 

Fluoride and Chlorides, by Jerzy 

Zarzycki, pp. 117-143. 

X-Ray Absorption Edge Spectroscopy 

of Compounds of Chromium, Man- 

ganese and Cobalt in Crystalline and 

Non-Crystalline Systems, by Robert A. 

Van Nordstrand, pp. 168-198. 

Magnetic Resonance Studies of Glasses, 

by W. P. Slichter, pp. 199-231. 

Liquid Relaxation Phenomena and the 

Glass State, by Theodore A. Litovitz, 

pp. 252-268. 

Kinetics of Mechanical Relaxation Proc- 

esses in Inorganic Glasses, by P. L. 

Kirby, pp. 269-296. 

The Thermal Conductivity of Glass, 

by P. G. Klemens, pp. 508-530. 

Mechanisms of Surface Removal from 
Metals in Space, by John L. Ham, 
Aero/Space Engng., vol. 20, no. 5, May 
1961, pp. 20-21, 49-52. 

Development of an All-Welded Tubular 
Truss Core Sandwich, by Bertram Klein, 
Aero/Space Engng., vol. 20, no. 5, May 
1961, pp. 22-24, 54-55. 

Thermostructural Design - En Ve- 
hicles for Mars and Venus, by Henry 
T. Ponsford, Robert M. Wood, Robert E. 
Lowe and James F. Madewell, ARS 
JouRNAL, vol. 31, no. 4, April 1961, pp. 
474-481. 

Ablation Mechanisms in Plastics with 
Inorganic Reinforcement, by Norman 
Beecher and Ronald E. Rosensweig, 
ARS Journat, vol. 31, no. 4, April 1961, 
pp. 532-539. 

Effect Upon Shock Spectra of the Dy- 
namic Reaction of Structures, by G. J. 
O’Hara, Experimental Mech., vol. 1, no. 
5, May 1961, pp. 145-151. 

Stresses of Nozzle Connections of Pres- 
sure Vessels, by D. E. Hardenbergh, 
Experimental Mech., vol. 1, no. 5, May 
1961. 

Electron Microscope Study of Radia- 
tion Damage in Graphite, by W. Bollmann, 
J. Appl. Phys., vol. 32, No. 5, May 1961, 
pp. 869-879. 

Biharmonic Solutions to the Steady- 
State Thermoelectric Problems in Three 
Divisions, by J. Nowinski, Zeitschrift 
Angewandte Math Phys., vol. 12, no. 2, 
March 25, 1961, pp. 132-148. 


Fluid Dynamics, Heat Transfer, 
and MHD 


A Variational Principle in Aerodynamics 
and Its Application to Hypersonic Flow, by 
P T. Hsu and Haim Kennet, Mass. Inst. of. 
Tech., Fluid Dynamics Res. Lab. Rep. no. 
60-5, Nov. 1960, 30 pp. 

Review of Hypersonic Research, by 
Ting Y. Li, Rensselaer Polytech. Inst., 
Dept. Aeron. Engng. TRAE 6104, March 
1961, 13 pp. 22 refs. (AFOSR 440) 

Approximate Solutions of the Hypersonic 
Laminar Boundary Layer Equations With 
Heat Transfer and Arbitrary Pressure 
Gradient and Their Applications, by 
Humio Naruse, Tokyo Univ., Aeron. Res. 
Inst. Rep. 361, Feb. 1961, 30 pp. 


Stability of the Compressible Boundary 
Layer Along a Curved Wall Under Gortler- 


Type Disturbances, vy Yasuhiko Aihara, 
Tokyo Univ., Aeron. Res. Inst. Rep. 362, 
Feb. 1961, 7 pp. 

Center-Point Mass Flow Through a 
Circular Orifice Using the Integral Itera- 
tion Method, by D. Roger Willis, Stock- 
holm, Royal Inst. Tech., Div. Gas Dy- 
namics, Tech. Note 31, Dec. 1960, 44 pp. 
(AFOSR 535) 

Heat Transfer Rate Distribution for 
Conical Afterbody at 0, 5, and 10 Degrees 
Angle of Attack, by E. Offenhartz and 
H. Weisblatt, Avco Corp., Res. Dev. 
Div. RAD-2-TM-58-105, Aug. 1958, 25 


pp. 

Investigation of Annular-Two Phase 
Flow and Heat Transfer to and From 
Gases With Large Temperature Differ- 
ences, by C. F. Warner and J. M. Murphy, 
Purdue Univ. Jet Propulsion Center Rep. 
F-61-1, March 1961, 19 pp. 

Wall Heating of a Supersonic Gas 
Flow, by A. A. Pomerantsev, The Johns 
Hopkins Univ., Appl. Phys. Lab. Tech. 
Transl. Series, TG 230-T217, Feb. 1961, 
11 pp. (Transl. from Inzhenerno-Fizicheskit 
Zhurnal, vol. 3, no. 8, Aug. 1960, pp. 
39-46.) 

Shock Profiles in Hypersonic Flow of a 
Relaxing Gas About a Wedge, by Fred- 
erick R. Dressler, Cornell Univ. Grad. 
School Aeron. Engng., Feb. 196" 32 pp. 
(AFOSR 263) 

Plasma Sheath and Screening Around 
a Rapidly Moving Body, by E. H. Walker, 
Maryland Univ., Dept. Phys., March 1961, 
17 pp. (AFOSR 460) 

Theoretical Investigation in Linear and 
Nonlinear Problems, the Determination of 
Surface Interactions and Examination of 
Development of Shock Wave in Rarefied 
Gas Dynamics, by D. Roger Willis, 
Stockholm, Royal Inst. Tech. Div. of Gas 
Dynamics, Final Tech. Rep., Jan. 1961, 9 
pp. (AFOSR 481) 

Investigation of the Development of a 
Shock Wave for Times Smaller Than the 
Average Collision Time, by D. Roger 
Willis, Stockholm, Royal Inst. Tech. Div. 
Gas Dynamics Tech. Note 4, Dec. 1960, 
42 pp. (AFOSR 536) 

Thermal Conductivity of a Completely 
Ionized Plasma, by Ira A. Pekar, The 
Johns Hopkins Univ., Appl. Phys. Lab. 
Tech. Transl. Series, TG 230-T174, Feb. 
1961, 5 pp. (Transl. from Izvestiia Vysshikh 
Uchebnyka Zavedenii Fizika, no. 2, March- 
April 1960, pp. 99-102.) 

Applied Probability (Proceedings of 
Symposia in Applied Mathematics, Vol. 
7) MeGraw-Hill ook Co., N. Y. for the 
Amer. Math. Soc., 1961. 

On the Application of Functional Calcu- 

lus to the Statistical Theory of Turbu- 

lence, by Eberhard Hopf, pp. 41-50. 

The Singularity in the Spectrum of 

Homogeneous Turbulence, by G. K. 

Batchelor, pp. 67-72. 

Advance in Chemical Physics, Vol. 3, 
L. Prigogine, ed., Interscience Publishers, 
N. Y., 1961, 372 pp. 

Nonlinear Problems in Thermody- 

namics of Irreversible Processes, by 

Thor A. Bak, pp. 33-57, 20 refs. 

Variational Principles in Thermody- 

namics and Statistical Mechanics of 

Irreversible Processes, by Syu Ono, 

pp. 267-321, 63 refs. 

Spaceflight Technology, Commonwealth 
Spaceflight Symposium 1st, London, 1959, 
Kenneth W. Gatland, ed., Academic Press, 
N. Y., 1960, 365 pp. 

Heating Problems of Entry into Plan- 

etary Atmospheres, by D. J. Shapland, 

pp. 173-203. 

Generalized Heat Transfer Formulas 
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and Graphs for Nose Cone Re-Entry Into 
the Atmosphere, by R. W. Detra and H. 
Hidalgo, ARS Journat, vol. 31, no. 3, 
March 1961, pp. 318-321. 

Linearized Magnetogasdynamic Chan- 
nel Flow With Axial Symmetry, by F. 
Edward Ehlers, ARS Journat, vol. 31, 
no. 3, March 1961, pp. 334-341. 

Stagnation Point Radiative Transfer, by 
H. Kennet and S. L. Strack, ARS 
JouRNAL, vol. 31, no. 3, March 1961, pp. 
370-371. 

Calibration of Hypersonic High Tem- 
perature Wind Tunnels, S. E. Neice and 
R. W. Rutowski, ARS JourNAL, vol. 31, 
no. 3, March 1961, pp. 372-373. 

Entrance Effects in the High Tempera- 
ture Heat Transfer From Dissociated 
Gases, by P. Bro and S. Steinberg, ARS 
JouRNAL, vol. 31, no. 3, March 1961, pp. 
375-376, 433. 

Comparison of Some Approximate 
Methods for Calculating Re-Entry Abla- 
tion of a Subliming Material, by Sheldon 
Blecher and George W. Sutton, ARS 
JOURNAL, vol. 31, no. 3, March 1961, pp. 
433-435. 

Radiated Power From a 2-in. Sphere of 
High Temperature Air at Pressures to 
50 atm., by Domenico Ragusa, ARS 
JoURNAL, vol. 31, no. 3, March 1961, pp. 
445. 

Effect of Two-Dimensional Heat Trans- 
fer on Wall Temperatures in a Tubular 
Thrust Chamber, by John P. Sellers Jr., 
ARS JourNaL, vol. 31, no 3, March 1961, 
pp. 445-447. 

On the Calculation of Flow Past Axisym- 
metric Bodies With Detached Shock Waves 
Using an Electronic Computing Machine, 
by O. M. Belotserkovskii, Appl. Math. 
Mech. (PMM) vol. 24, no. 3, 1960, pp. 
745-755. 

On the Theory of Hypersonic Gas 
Flow With a Power-Law Shock Wave, by 
V. V. Sychev, Appl. Math. Mech.(PM™M), 
vol. 24, no. 3, 1960, pp. 656-764. 

On the Flow in a Diffuser in the Presence 
of a Magnetic Field, by A. B. Vatazhin, 
Appl. Math. Mech. (PM™M), vol. 24, no. 
3, 1960, pp. 765-772. 

On the Propagation of Disturbances in 
Plane Magnetohydrodynamic Flows, by 
M. N. Kogan, Appl. Math. Mech.(PM™M), 
vol. 24, no. 3, 1960, pp. 773-782. 

On a Certain Form of Exact Particular 
Solutions of a Plane Vortex Free Gas 
Flow, by E. D. Tomilov, Appl. Math. 
Mech. (PMM), vol. 24, no. 3, 1960, pp. 
783-789. 

On the Flow of An Electrically Conduct- 
ing Fluid in Tubes of Arbitrary Cross- 
Section in the Presence of a Magnetic 
Field, by S. A. Regirer, Appl. Math. 
Mech. (PMM), vol. 24, no. 3, 1960, pp. 
790-793. 

Fundamental Relations Across a Strong 
Steady Shock Wave Giving Rise to a 
Discontinuity in Conductivity, by Iu. 
L. Zhilin, Appl. Math. Mech. (PMM), 
vol. 24, no. 3, 1960, pp. 794-809. 

Free-Flight Skin-Temperature and Sur- 
face-Pressure Measurements on a Highly 
Polished Nose Having a 100° Total-Angle 
Cone and a 10° Half-Angle Conical Flare 
Section Up to a Mach Number of 4.08, 
by Bernard Rashis and Aleck C. Bond, 
NASA Tech. Note D-807, April 1961, 
23 pp. 

Aerodynamic Interaction Effects Ahead 
of a Sonic Jet Exhausting Perpendicularly 
From a Flat Plate Into a Mach Number 6 
Free Stream, by David J. Romeo and 
James R. Sterrett, NASA Tech. Note 
D-743, April 1961, 26 pp. 

An Experimental Investigation of the 
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320-million Ib-miles of 
LIQUID FLUORINE 
from ALLIED CHEMICAL 


we’ve produced by the number of miles we’ve shipped | 
it...and you come up with a total of 320-million 
pound-miles! This notable record is one more proof — 
that liquid fluorine is no harder to handle than other 
advanced propellants. 

Allied Chemical’s General Chemical Division is a — 
prime source for fluorine . .. your number one fluorine _ 
| : authority. We have supplied tonnage quantities to | 


every major propulsion program using this ultimate _ 
oxidizer . . . and we can make bulk shipments to any | 

a part of the country. 

; Our experience in producing, storing and shipping 
large quantities of liquid fluorine has led to the develop- 
ment of handling and storage techniques that make this 
super-high-energy oxidizer completely practical to use. — 
Let us share our experience and knowledge with you. 
If you’d like our fluorine technical bulletins, just mail 
the coupon below. 


Fst in GENERAL CHEMICAL 
uorine 
DIVISION 


40 Rector Street, New York 6,N.Y. 


GENERAL CHEMICAL DIVISION 
40 Rector Street, New York 6, N.Y. 
Please send me bulletin(s) checked: 


0 Fluorine (Pd-TA-85413) 
0 Liquid Fluorine Unloading Procedure (PD-TB-85411) 


Name 


Company 


Address 


City Zone State 


Title 
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The Strong blown type 
Jetarc, the most powerful carbon arc, 
has proved to be the best artificial 
simulator of solar energy in the 


develop t and testing of space 
vehicle components. 
Useful radiation efficiently 


collected by first surface reflectors 
and concentrated at the reimaging 
point from where it can be projected 
by a quartz objective system in a 
pattern shaped to fit the work area. 
A circular radiation pattern totals 374 
watts with an 80% uniformity of 
field or a total of 668 watts with a 
60% uniformity of field. Higher or 
lower energy unit areas, can be 
obtained by variation in optics or 
projection distance. Large areas can 
be covered by multiple employment 
of lamps using either superimposed 
or overlapping pattern technique. 
Other, less powerful carbon arc 
sources, are also available for smaller 
work areas. 


SPECTRAL ENERGY DISTRIBUTION 
[STRONG JET..RC LAMP WITH FRONT SURFACE 
REFLECTOR © QUARTZ LENS. 

——10 VLTREX CARSON AT 155 AMPS 74-78 VOLTS 


16 ef Be 


A continuous spectrum is available 
from .25 to 5.+ microns, with the 
spectral energy distribution very 
close to solar energy distribution 
above the earth's atmosphere. 


The Jetarc source can be oriented 
in any plane without loss of stability. 


You are invited 
to consult with Strong Electric 
on your particular problems. 


THE STRONG ELECTRIC CORP. 


395 CITY PARK AVE. - TOLEDO 1, OHIO 


A 
GENERAL 
PRECISION 
COMPANY 


A SUBSIDIARY OF GENERAL PRECISION 
EQUIPMENT CORPORATION 


Flow Phenomena Over Bodies at High 
Angles of Attack at a Mach Number of 
2.01, by John P. Gapeynski, NACA Res. 
Mem. L55H29, Oct. 1955, 23 pp. (De- 
classified by authority of NASA TPA 
no. 45, May 11, 1961.) 

Wind-Tunnel Investigation at Mach 1.9 
of Multijet-Missile Base Pressures, by 
L. Eugene Baughman, NACA Res. Mem. 
E541L14, Mar. 1955, 13 pp. (Declassified 
by authority of NASA TPA no. 45, May 
11, 1961.) 

The Effect on Thrust Minus Base Drag 
of Exchanging Base Area for Nozzle 
Expansion in Supersonic Nozzles at 
Transonic Mach Numbers, by Travis H. 
Slocumb Jr. and Earl H. Andrews Jr., 
NASA Tech. Note D-754, Apr. 1961, 30 
pp. 

Effect of a Hot-Jet Exhaust on Pressure 
Distributions and External Drag of Sev- 
eral Afterbodies on a Single-Engine Air- 
a Model at Transonic Speeds, by 

arry T. Norton Jr. and John M. Swihart, 
NACA Res. Mem. L57J04, Mar. 1958, 
58 pp. (Declassified by authority of 
NASA TPA no. 45, May 11, 1961.) 

Measurement of Temperature Profiles 
in Laminar and Turbulent Axisymmetric 
Boundary Layers on a Cylinder With Non- 
uniform Wall Temperature, by E. R. G. 
Eckert, Roger Eichhorn and Thomas L. 
Eddy, Air Force Res. Div., Aeron. Res. 
Lab., ARL Tech. Note 60-161, Dec. 1960, 
40 pp. 

The Effects of Boundary-Layer Separa- 
tion Over Bodies of Revolution With Coni- 
cal Tail Flares, by David H. Dennis, 
NACA Res. Mem. A57130, Dec. 1957, 
35 pp. (Declassified by authority of 
NASA TPA no. 45, May 11, 1961.) 

Film Condensation With and Without 
Body Force in Boundary-Layer Flow of 
Vapor Over a Flat Plate, by Paul M. 
Chung, NASA Tech. Note D-790, April 
1961, 35 pp. 

Turbulent Skin Friction at High Mach 
Numbers and Reynolds Numbers in Air 
and Helium, by Fred W. Matting, Dean 
R. Chapman, Jack R. Nyholm and 
Andrew G. Thomas, NASA Tech. Rep. 
T-82, 1961, 39 pp. 

The Theory of Differential Catalytic 
Probes for the Determination of Atom 
Concentrations in High Speed, Non- 
equilibrium Streams of Partially Disso- 
ciated Gases, by Daniel E. Rosner, 
AeroChem Res. Labs., Inc. TP-19, Oct. 
1960, 37 pp. (AFOSR TN 18) 

Notes on Magneto-Hydrodynamics— 
VIII, Non-Linear Wave Motion, by K. O. 
Friedrichs and H. Kranzer, Atomic 
Energy Commission, NYO 6486, Pt. VIII, 
July 1958, 61 pp. 

Notes on Magneto-Hydrodynamics— 
Number I, General Fluid Equations, by 
Harold Grad, Atomic Energy Commission, 
NYO 6486, Pt. I, Aug. 1956, 18 pp. 

Alignment Charts for Transport Prop- 
erties, Viscosity, Thermal Conductivity, 
and Diffusion Coefficients for Nonpolar 
Gases and Gas Mixtures at Low ey 
by Richard 8S. Brokaw, NASA Tech. 
Rep. R-81, 1961, 23 pp. 

Axially Symmetric Laminar Free Mixing 
With Large Swirl, by Martin H. Steiger 
and Martin H. Bloom, Brooklyn Poly- 
tech. Inst., Dept. Aerospace Engng. Ap- 
plied Mech. Rep. 636, Jan. 1961, 22 pp. 
(AFOSR 400) 

Effects of Yaw on the Heat Transfer to 
a Blunt Cone-Cylinder Configuration at 
Mach Number of 1.98, by Roland D. 
English, NASA Mem. 10-8-58L, Nov. 
1958, 20 pp. (Declassified by authority 
of NASA TPA no. 45, May 11, 1961.) 


Measurements of A 
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Transfer in Turbulent Separated Regions 
at a Mach Number of 1.8, by Benjamine 
J. Garland and James R. Hall, NACA 
Res. Mem. L57L09, Feb. 1958, 16 pp. 
(Declassified by authority of NASA TPA 
no. 45, May 11, 1961.) 

Observation of Laminar Flow on an 
Air-Launched 15° Cone-Cylinder at Local 
Reynolds Numbers to 50 X 10° at Peak 
Mach Number of 6.75, by Leonard Rabb 
and Milan J. Krasnican, NACA Res. 
Mem. E56L03, March 1957, 33 pp. 
(Declassified by authority of NASA TPA 
no. 45, May 11, 1961.) 

Preliminary Investigation of Lithium 
Hydride as a High-Temperature Internal 
Coolant, by Jerry L. Modisette, NACA 
Res. Mem. L57F 12a, Oct. 1957, 10 pp. 
(Declassified by authority of NASA 
TPA no. 45, May 11, 1961.) 

Heat-Transfer Characteristics of Blunt 
Two- and Three-Dimensional Bodies at 
Supersonic Speeds, by Glen Goodwin, 
NACA Res. Ben A55L13a, Feb. 1956, 
18 pp. (Declassified by authority of 
NASA TPA no. 45, May 11, 1961.) 

A Theoretical Analysis of Effects of 
Ablation of Heat Transfer to an Arbitrary 
Axisymmetric Body, by Robert T. Swann 
and Jerry South, NASA Tech. Note 
D-741, April 1961, 49 pp. 

Basic Studies in Heat Transfer and 
Fluid Flow, Columbia Univ., Dept. Chem. 
Engng. Quar. Prog. Rep. IX-QPR-2-60, 
April 1—June 30, 1960, 79 pp. 

An Experimental Study of the Tran- 
sient Vaporization of Liquid at a Solid 
Surface, by Robert C. Lummis, Columbia 
Univ., Dept. Chem. Engng. Quar. Prog. 
Rep. IX-QPR-2-60, April 1-June 30, 1960, 
43 pp. (Appendix A) 

An Experimental and Analytical In- 
vestigation of Flow Patterns in Forced- 
Circulation Boiling Flow, Columbia Univ. 
Dept. Chem. Engng. Quar. Prog. Rep. 
IX-QPR-2-60, April 1-June 30, 1960, 17 
pp. (Appendix B) 

Automatic Control of Laboratory Rep- 
resentation of Kinetic Heating, by J. 
Taylor Great Brit., Aeron. Res. Council, 
Current Paper 532, July 1960, 10 pp., 
9 figs. 


Effusion of Charged Particles From a 
Shock Heated Gas, by Bradford Sturte- 
vant, Calif. Inst. Tech., Guggenheim Aeron. 
Lab., 1960, 129 pp. (Thesis, Ph.D.) 

Statistical Mechanics and Thermo- 
dynamics of Irreversible Processes Vol. 
4 Electrodiffusion, by W. Cauman and 

. Bak, Brussels, Free Univ., Tech. 
Rep. EOARDC PR 59-18, 1959, 146 pp. 
(AFOSR TR 59-44D) (ASTIA AD 
214,529) 

Statistical Mechanics and Thermo- 
dynamics of Irreversible Processes, by 
L. Prigogine, M. Toda and S. Ono 
Brussels, Free Univ., Tech. Rep. EOARD' 
PR 59-18, 1959, 41 pp. (AFOSR TR 
59-44C) (ASTIA AD 214,528) 

Collision-Free Plasmas, by Harry E. 
Petschek, Avco-Everett Res. Lab. AMP 
52 AFOSR 360, Nov. 1960, 12 pp. 

An Absolute Definition of Phase Shift 
in the Elastic Scattering of a Particle 
From Compound Systems, by Aaron Tem- 
kin, NASA Tech. Note D-698, April 1961, 
14 pp. 

Quarterly Bulletin of the Division of 
Mechanical Engineering and the National 
Aeronautical Establishment, Canada, Na- 
tional Res. Council, Rep. DME/NAE 
1961(1), Jan.1—March 31, 1961, 85 pp. 

Heat Transfer Across Contact Surfaces, 

by E. H. Dudgeon, pp. 27-37, 32 refs. 

Aeronautics and Astronautics, Proceed- 


ings (Durand Centennial Conference, 
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Stanford Univ., Aug. 5-8, 1959) Nicholas 
John Hoff and Walter Guido Vincenti, 
eds., Pergamon Press, N. Y., 1960, 460 
pp. (AFOSR TR 59-108) 


Similarity Solutions of Hydrodynamic 
Problems, by Geoffrey Taylor, pp. 
21-28. 


Recent Trends in the Mechanics of 
Highly Rarefied Gases, by G. N. Pat- 
terson, pp. 122-152, 42 refs. 


A Study of Effusive Flow, by H. W. 
Liepmann, pp. 153-160. 


A New Look at Transition, by Leslie S. 
G. Kovasznay, pp. 161-172. 


Rapid Evaluation of Radiant Heating 
During Re-Entry Into the Atmosphere, 
by H. de L’Estoile and L. Rosenthal, pp. 
173-206, 26 refs. 


Magnetogasdynamic Problems From the 
Point of View of Particle Dynamics, by 
J. M. Bergers, pp. 288-304. 


Plasma Dynamics, by Francis H. 

Clauser, pp. 305-343. 

Some Heat Transfer Problems in 

Hypersonic Flow, by Antonio Ferri, 

pp. 344-377. 

Ballistic Missile and Space Technology, 
vol. 1: Bioastronautics and Electronics and 
Invited Addresses (Symposium on Bal- 
listic Missile and Space Technology, 5th, 
Los Angeles, Aug. 1960) Donald P. Le 
Galley, ed., Academic Press, N. Y., 1960, 
494 pp. 

The Expansion of a Gas Cloud Into a 

Vacuum, by W. G. Strang and I. 

Tarnove, pp. 471-494. 

Ballistic Missile and Space Technology 
vol. II: Propulsion and Auxiliary Power 
Systems, (Symposium on Ballistic Missile 
and Space Technology, 5th, Los Angeles, 
Aug. 1960) Donald P. Le Galley, ed., 
Academic Press, N. Y. 1960, 441 pp. 

Experimental Determination of a Solid 

Rocket Nozzle Heat Transfer Coeffi- 

cient, by 8. E. Colucci, pp. 303-343. 

Thermoelectric Materials and Devices, 
Irving B. Cadoff and Edward Miller, eds., 
Reinhold Publishing Corp., N. Y., 1960, 
344 pp. 

Thermal Conductivity Mechanisms, by 

Wendell S. Williams, pp. 98-112. 

The Measurement of Thermal Con- 

ductivity, by Defoe C. Ginnings, pp. 

113-132. 

Design Calculations for Peltier Cooling, 

by Robert H. Vought, pp. 250-274. 

Experimental Cooling Devices, by R. 

L. Eichhorn, pp. 318-336. 

Non-Crystalline Solids, (Conference on 
Non-Crystalline solids, Alfred, N. Y., Sept. 
3-8, 1958) V. D. Frechette, ed., John 
Wiley & Sons, 1960, N. Y. 536 pp. 

The Use and Limitations of Irreversible 

Thermodynamics in the Study of Re- 

laxation Processes, by R. O. Davies, pp. 

232-251. 

Outer Inviscid Hypersonic Flow With 
Attached Shock Waves, by Richard A. 
Scheuing, ARS Journat, vol. 31, no. 4, 
April 1961, pp. 486-505, 49 refs. 

Application of the Mangler Transforma- 
tion in Boundary Layer Flow, by S. deSoto 
and H. Wolf, ARS JourNaL, vol. 31, no. 
4, April 1961, pp. 553-555. 

Similar Solutions of the Free Convec- 
tion Boundary Layer Equations for an 
Electrically Conducting Fluid, by Barry 
L. Reeves, ARS JourNat, vol. 31, no. 
4, April 1961, pp. 557-558. 

Growth of Magnetohydrodynamic 
Boundary Layers, by J. C. Wu, ARS 
JOURNAL, vol. 31, no. 4, April 1961, pp. 
562-564. 


SepreMBeER 1961 


Mathemagical Machines ? 


Maybe they are not really magical, but modern computers are 
marvelous aids to solving the complex problems arising from research. 
With the addition of an IBM 7090 and the super-computer STRETCH, 
Los Alamos Scientific Laboratory has become one of the most advanced 
electronic computer centers in the world. Such machines are required 


to perform in a reasonable time the billions of computations involved, 


for example, in the design of nuclear weapons and nuclear reactors, 
and, in problems of molecular biology and magnetohydrodynamics. 
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Employers Sponsor 
Career Center 


Interview Engineers In 
New York, October 10-13 


LOCATION: 


HENRY HUDSON 
HOTEL 


358 W. 58th St. (opp. Coliseum) 
PHONE: Clrcle 6-5015 


TIME: 10A.M.to9 P.M. daily 


NOTE TO EMPLOYERS: 
Employer participations are still avail- 
able. Call Miss Dowlin at Careers In- 
corporated, PLaza 2-7733. 


CAREER 
CENTER] 


Career Centers are a service of Careers 
Incorporated, 770 Lexington Avenue, 
New York 21, N. Y 

All qualified applicants will receive consideration 


for employment without regard to race, creed, color 
or national origin. 
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Liquid Flow in Tubes, IV. The Tran- 
sition Process and Turbulent Flow Re- 
lated to Tube Diameter and Microscopic 
Surface Properties, by E. R. Lindgren, 
Arkiv fér Fysik, vol. 18, no. 5, 1961, 
pp. 449-464 


Vertex Generated Waves Outside 
Metallic Wedges, by W. E. Williams, 
Cambridge Philosophical Soc. Proc., 
vol. 57, pat. 2, April 1961, pp. 393-400. 


Approach to Thermodynamic Equi- 
librium, by J. E. Mayer, J. Chem. Phys., 
vol. 34, no. 4, April 1961, pp. 1207-1223. 


Wall Temperature and Heat Flux 
Measurement in a Round Tube, by A. I. 
Morgan, Jr. and Robert A. Carlson, J 
Heat Transfer (ASME Trans., Series C) 
vol. 83, no. 2, May 1961, pp. 105-110. 


The Viscosity of Steam and Water a 
Moderate Pressure and Temperatures, 
by J. R. Moszynski, J. Heat Transfer 
(ASME Trans., Series C) vol. 83, no. 2, 
May 1961, pp. 111-121. 


Thermal Conductivity and Prandtl Num- 
ber of Carbon Dioxide and Carbon- 
Dioxide Air Mixtures at One Atmosphere, 
by Jerome L. Novotny and Thomas F. 
Irvine, Jr., J. Heat Transfer (ASME 
Trans., Sertes C) vol. 83, no. 2, May 1961, 
pp. 122-132. 


The Influence of Sound on Free Con- 
vection From a Horizontal Cylinder, by 
R. M. Fand and J. Kaye, J. Heat Transfer 
(ASME Trans., Series C) vol. 83, no. 2, 
May 1961, pp. 133-148. 

A Model for Correlating Two-Phase, 
Steam-Water, Burnout Heat-Transfer 
Fluxes, by H. S. Isbin, R. Vanderwater, 
H. Fauske and S. Singh, J. Heat Transfer 
(ASME Trans., Series C) vol. 83, no. 2, 
May 1961, pp. 149-157. 

Burnout in Turbulent Flow-A Droplet 
Diffusion Model, by K. Goldmann, H. 
Firstenberg, and C. Lombardi, J. Heat 
Transfer (ASME Trans., Series C) vol. 
83, no. 2, May 1961, pp. 158-162. 

Heat Transfer by a Turbulent Flowing 
Fluid-Solids Mixture in a Pipe, by C. L. 
Tien, J. Heat Transfer (ASME Trans., 
Series C) vol. 83, no. 2, May 1961, pp. 
183-188. 

Heat Transfer and Pressure Drop in an 
Annular Gap With Surface Spoilers, by 
G. A. Kemeny and J. A. Cyphers, J. 
Heat Transfer (ASME Trans., Series C) 
vol. 83, no. 2, May 1961, pp. 189-198. 

Radiation Heat Transfer in a Spherical 
Enclosure Containing a Participating 
Heat-Generating Gas, by E. M. Sparrow, 
C. M. Usiskin and H. A. Hubbard, J. 
Heat Transfer (ASME Trans., Series C) 
vol. 83, no. 2, May 1961, pp. 199-206. 

Analysis, Results, and Interpretation 
for Radiation Between Some Simply- 
Arranged Gray Surfaces, by E. M. 
Sparrow, J. L. Gregg, J. V. Szel and P. 
Manos, J. Heat Transfer, (ASME Trans., 
Series C) vol. 83, no. 2, May 1961, pp. 
207-214. 

Radiative Transport Within an Ablating 
Body, by Leo P. Kadanoff, J. Heat 
Transfer (ASME Trans., Series C) vol. 
83, no. 2, May 1961, pp. 215-225. 

Radiant Heat-Transfer Analysis of a 
Furnace or other Combustion Enclosure, 
by J. T. Bevans, J. Heat Transfer (ASME 
Trans., Series C) vol. 83, no. 2, May 1961, 
pp. 226-232. 

Boundary-Layer Displacement and 
Leading-Edge Bluntness Effects in High- 
Temperature Hypersonic Flow, by H. K. 
Cheng, J. Gordon Hall, T. C. Golian, 
and A. Hertzberg, J. Aerospace Sci., vol. 
28, no. 5, May 1961, pp. 353-381, 410, 71 


Statistical Thermodynamics of Plasmas, 
by H. S. Green, Nuclear Fusion, vol. 1 
no. 2, 1961, pp. 69-77. 

Fluctuations of Plasmas (I), by N. 
Rostoker, Nuclear Fusion, vol. 1, no. 2, 
1961, pp. 101-120. 

Vaporization Processes in the Hyper- 
sonic Laminar Boundary Layer, by Sin- 
claire M. Scala and Guido L. Vidale, In- 
ternational J. Heat & Mass Transfer, vol. 
1, no. 1, June 1960, pp. 4-22. 

Experimental Methods Applied to the 
Determination of Some Temperature 
Radiation Parameters, by D. T. Kokorev, 
International J. Heat & Mass Transfer, 
vol. 1, no. 1, June 1960, pp. 23-27. 

Thermal "Radiation Between Parallel 
Plates Separated by an Absorbing- 
Emitting Nonisothermal Gas, by C. M. 
Usiskin and E. M. Sparrow, International 
J. Heat & Mass Transfer, vol. 1, no. 1, 
June 1960, pp. 28-36. 

Highly Intensive Heat and Mass Trans- 
fer in Dispersed Media, by Y. Mikhailov, 
International J. Heat & Mass Transfer, 
vol. 1, no. 1, June 1960, pp. 37-45. 

Turbulent Boundary Layer on a Flat 
Plate in a Stream of Dissociating Gas, 
by S. I. Kosterin and Yu. A. Koshmarov, 
International J. Heat & Mass Transfer, 
vol. 1, no. 1, June 1960, pp. 46-49. 

A Non-Stationary Method of Measuring 
Heat Conduction From Fluids and Gases, 
by P. Grassmann and W. Straumann, 
International J. Heat & Mass Transfer, 
vol. 1, no. 1, June 1960, pp. 50-54. (In 
German) 

Evaluation of Bulk Velocity and Tem- 
perature for Turbulent Flow in Tubes, by 
G. F. C. Rogers and Y. R. Mayhew, 
International J. Heat & Mass Transfer, 
vol. 1, no. 1, June 1960, pp. 55-67. 

Heat Convection in the Laminar Regime 
in the Case of a Pressure Gradient and 
Any Wall Temperature, the Fluid Having 
Constant Physical Properties, by B. Le 
Fur, International J. Heat & Mass Trans- 
fer, vol. 1, no. 1, June 1960, pp. 68-80. 
(In French) 

One-Dimensional Energy Transfer in 
Radiant Media, by Robert and Madeleine 
Goulard, International J. Heat & Mass 
Transfer, vol. 1, no. 1, June 1960, pp. 
81-91. 

Heat Transfer to Mercury in a Circular 
Tube and Annular Channels With Sinus- 
oidal Heat Load Distribution, by V. I. 
Petrovichev, International J. Heat & Mass 
Transfer, vol. 1, no. 2-3, Aug. 1960, pp. 
115-120. 

A Mechanism of Turbulent Heat Trans- 
fer in Liquid Metals, by N. Z. Azer and 
B. T. Chao, International J. Heat & Mass 
Transfer, vol. 1, no. 2-3, Aug. 1960, 
pp. 121-138. 

Thermal Contact Resistance Between 
Mercury and a Metal Surface, by T. 
Mizushina, 8. Iuchi, T. Sasano and H. 
Tamura, International J. Heat & Mass 
Transfer, vol. 1, no. 2-3, Aug. 1960, pp. 
139-146. 

Local and Average Heat Transfer 
Coefficients at an Air Stream in a Tube 
With a Pointed Inlet, by V. K. Ermolin, 
International J. Heat & Mass Transfer, 
vol. 1, no. 2-3, Aug. 1960, pp. 147-151. 

The Theory of Thermal Regular Regime 
and its Application to the Determination 
of Thermal Characteristics, by G. N. 
Dulnev, International J. Heat & Mass 
Transfer, vol. 1, no. 2-3, Aug. 1960, pp. 
152-160. 

Application of Variational Methods to 
the Thermal Entrance Region of Ducts, 
by E. M. Sparrow and R. Siegel, Inter- 
national J. Heat & Mass Transfer, vol. 


refs. Sam A no. 2-3, Aug. 1960, pp. 161-172. 
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Analysis of the Flow and Energy Sart 
ration in a Turbulent Vortex, by R. G. 
Deissler and M. Perlmutter, J nternational 
J. Heat & Mass Transfer, vol. 1, no. 
2-3, Aug. 1960, pp. 173-191. 

A Standard Formulation of the Steady 
Convective Mass-Transfer Problem, by 
D. B. Spalding, International J. Heat & 
Mass Transfer, vol. 1, no. 2-3, Aug. 1960, 
pp. 192-207. 

The Steady and Transient Free Convec- 
tion Boundary Layer on a Uniformly 
Heated Vertical Plate, by R. G. Gold- 
stein and E. R. G. Echert, International J. 
Heat & Mass Transfer, vol. 1, no. 2-3, 
Aug. 1960, pp. 208-218. 

On the Correlation of Nucleate Boiling 
Heat Transfer, by K. Nishikawa and K 
Yamagata, International J. Heat & Mass 
Transfer, vol. 1, no. 2-3, Aug. 1960, 
pp. 219-235. 

On the Investigation of Heat Transfer 
in the Presence of Chemical Conversions, 
by S. I. Anisimov and T. L. Percelman, 
International J. Heat & Mass Transfer, 
vol. 1, no. 4, Jan. 1961, pp. 269-272. 

The Experimental Investigation of Heat 
and Mass Transfer in the Presence of 
Chemical Conversions, by A. V. Ralko, 
International J. Heat & Mass Transfer, 
vol. 1, no. 4, Jan. 1961, pp. 273-279. 

Mixing and Chemical Reaction in an 
Initially Non-Uniform Temperature Field, 
by S. I. Cheng and H. H. Chiu, /n- 
ternational J. Heat & Mass Transfer, vol. 
1, no. 4, Jan. 1961, pp. 280-293. 

Convection Heat Transfer Coefficients 
for Turbulent Flow Between Parallel Plates 
with Unequal Heat Fluxes, by Henry 


Barrow, International J. Heat & Mass 
Transfer, vol. 1, no. 4, Jan. 1961, pp. 
306-311. 


Decay of Temperature Fluctuations in 
Homogeneous Turbulence Before the 
Final Period, by A. L. Loeffler, Jr. and 
R. G. Deissler, International J. Heat & 
Mass Transfer, vol. 1, no. 4, Jan. 1961, 
pp. 312-324 

An Analysis of Laminar Film Boiling 
With Variable Properties, by P. W. 
McFadden and R. J. Grosh, International 
J. Heat & Mass Transfer, ‘vol. 1, no. 4, 
Jan. 1961, pp. 325-335 

Heat Transfer Bibliography, by E. R. G. 
Eckert, J. P. Hartnett and E. M. Sparrow, 
International J. Heat & Mass Transfer, 
vol. 1, no. 4, Jan. 1961, pp. 336-345. 

Flow of Condensing Vapour With Tem- 
porary Supersaturated State Due to Heat- 
Removal Effect, by Keishiro Niu, Phys. 
Soc. Japan, J., vol. 16, no. 4, April 1961, 
pp. 798-804. 

On Cylindrical Magnetohydrodynamic 
Shock Waves, by Carl Greifinger and 
Julian D. Cole, Phys. of Fluids, vol. 4, 
no. 5, May 1961, pp. 527-534. 

Viscosity of Dissociated Gases From 
Shock - Tube Heat - Transfer Measure- 
ments, by R. A. Hartunian and P. V. 
Marrone, Phys. of Fluids, vol. 4, no. 5, 
May 1961, pp. 535-543. 

Viscous Magnetohydrodynamic Bound- 
ary Layer, by A. Sherman, Phys. of Fluids, 
vol. 4, no. 5, May 1961, pp. 552-557. 

Magnetically Insulated Shock Tube, 
by Richard G. Fowler and Eugene B. 
Turner, Phys. of Fluids, vol. 4, no. 5, 
May 1961, pp. 544-551. 

Mechanically Insulated Shock Tube, by 
Richard G. Fowler and Eugene B. Turner, 
Phys. of Fluids, vol. 4, no. 5, May 1961, 
pp. 544-551. 

Experimental Heat Transfer Charac- 
teristics of a Liquid in Couette Motion 
and With Taylor Vortices, by F. C. Haas 
and A. H. Nissan, Royal Soc., 


SEPTEMBER 1961 


Proc. vol. A 261, 
pp. 215-226. 


Dispersion of Gases in Laminar Flow 
Through a Circular Tube, by A. Bournia, 
J. Coulland and G. Houghton, Royal Soc. 
London Proc. vol. A 261, no. 1305, April 
1961, pp. 227-236. 


Fluctuation Thermodynamics of Non- 
equilibrium Processes, by R. L. Stratono- 
vich, Soviet Phys: JETP, vol. 12, no. 
6, June 1961, pp. 1150-1164. 


Thermodynamics of Turbulent Systems, 
by V. G. Nevzglyadow, Soviet Phys: 
JETP, vol. 12, no. 6, June 1961, pp. 
1206-1209. 

The Influence of Turbulence on the 
Transfer of Heat to Cylinders Near the 
Stagnation Point, by J. Kestin, P. F. 
Meader and H. H. Sogin, Zeitschrift 
Angewandte Math. Phys., vol. 12, no. 2, 
March 25, 1961, pp. 115-131. 

On the Dynamics of Turbulent Vortical 
Flow, by A. Reynolds, Zeitschrift Ange- 
wandte Math. Phys., vol. 12, no. 2, March 
25, 1961, pp. 149-158. 

On the Quasi-One-Dimensional Steadv 
Flow of a Compressible Conducting Gas 
in a Pipe of Constant Cross-Section in the 
Presence of Transverse Magnetic and 
Electric Fields, by I. B. Chekmarev, 
Appl. Math. Mech (PMM), vol. 24, no. 
3, 1960, pp. 801-803. 

The Automodelling (Similarity) Case of 
Hypersonic Flow Past a Body of a Viscous 
Heat-Conducting Gas, by V. V. Lunev, 

Appl. Math. Mech. (PMM), vol. 24, no. 
3, 1960, pp. 804-809. 

On the Problem of the Excitation of 
Standing Waves by a Wave Generator in a 
Channel of Finite Length, by V. S. 
Cherkasov, Appl. Math. Mech. (PMM), 
vol. 24, no. 3, 1960, pp. 810-815. 

Determining Electron Density and Dis- 
tribution in Plasmas, by H. L. Bunn, 
Electronics, vol. 34, no. 14, April 7, 1961, 
pp. 71-75. 

Rate of a Transfer Unit-A New Correlat- 
ing Factor for Heat and Mass Transfer, 
by E. H. Lebels Jr., [/EC; Ind. Engng. 
Chem., vol. 53, no. 5, May 1961, pp. 
349-356. 

Thermal Conductivity of Two-Phase 
Materials, by G. T.-N. Tsao, I/EC; Ind. 
Engng. Chem., vol. 53, no. 5, May 1961, 
pp. 395-397. 

A Study of the Magnetohydrodynamic 
Boundary Layer on a Flat Plate, by M. 
B. Glauert, J. Fluid Mech., vol. 10, part 
2, March 1961, pp. 276-288. 

Effect of a Magnetic Field Upon the 
Stability of Free Boundary Layers Be- 
tween Two Uniform Streams, by Kanefusa 
Gotoh, Physical Soc. Japan, J., vol. 16, 
no. 3, March 1961, pp. 559-564. 

Density Field for Rarefied Flow Through 
an Orifice, by Weston M. Howard, Phys. 
of Fluids, vol. 4, no. 4, April 1961, pp. 
521-529. 

Surface and Solid Phase Reactions at 
High Temperatures, by John L. Margrave, 
Planetary and Space Sci., vol. 3, Feb. 1961, 
pp. 3. 

The Boltzmann Equation for Flows With 
Chemical Reactions, by J. M. Burgers, 
Planetary and Space Sci., vol. 3, Feb. 
1961, pp. 4-11. 

Systematic Trends in Vaporization and 
Thermodynamic Properties of Oxides, by 
R. J. Ackermann, R. J. Thorn and G. 
H. Winslow, Planetary and Space Sci., 
vol. 3, Feb. 1961, pp. 12-23. 

Rate of Vaporization of Refractory 
Substances, by R. F. Walker, J. Efimenko 
and N. L. Lofgren, Planetary and Space 
vol. 1961, pp. 24-30. 


no. 1305, April 1961, 


NOW AVAILABLE 


High Speed Aerodynamics 
And Jet Propulsion: 
Volume VIII 


| | 
| | 
| | 
| 
| | 
| | 
| HIGH SPEED | 
| PROBLEMS OF : 
AIRCRAFT AND | 
EXPERIMENTAL | 
METHODS | 
| Edited by A. F. Donovan, H. R. | 
| Lawrence, F. E. Goddard, 
| and R. R. Gilruth. Topics in- | 
calculation at hi speed; 
stability and | 
| elasticity and flutter; prin- | 
ciples of model testing; design | 
measurements, objectives o 
| free flight renin instru- | 
| mented models in free flight, | 
| piloted aircraft testing and | 
| free flight range methods. | 
| 994 pages. $22.50. | 
| | 
| | 
| | 
| | 
| | 
| | 


At all booksellers 


ig Princeton University Press 
res 


Princeton, New Jersey 


An Investigation of the Effects of 
Gaseous Diffusion on the Rate of Oxida- 
tion of a Metal Forming a Volatile Oxide, 
by D. R. Schryer and J. L. Modisette, 
Planetary and Space Sci., vol. 3, Feb 
1961, pp. 31-37. 

Nitrogen Atom Recombination on Sur- 
faces, by F. M. Prok, Planetary and 
Space Sci., vol. 3, Feb. 1961, pp. 38-45. 

A Study of the Interaction Between 
Carbon and Dissociated Gases, by W. 
Zinman, Planetary and Space Sci., vol. 
3, Feb. 1961, pp. 46-52 

A Non-Catalytic Surface for Dissociated 
Combustion Gases, by J. C. Cutting, 
J. A. Fay, W. T. Hogan and W. C. 
Moffat, Planetary and Space Sci., vol. 
3, Feb. 1961, pp. 53-60. 

Heterogeneous Flash Pyrolysis of Hy- 
drocarbon Polymers, by L. 8. Nelson and 


A. Kuebler, Planetary and Space 
Sci., vol. 3, Feb. 1961, pp. 61-67. 
Behavior of Plastic Laminates at 


ewe Temperatures, by S. Ruby, 

B. Cohen and F. K. Ward, Planetary 
a Space Sci., vol. 3, Feb. 1961, pp. 
68-72. 


Behavior of ‘‘Teflon’’ Fluorocarbon 
Resins at Elevated Temperatures, by 
P. H. Settlage and J. C. Siegle, Planetary 
and Space Sci., vol. 3, Feb. 1961, pp. 
73-84. 

Summary of Discussion of the Pyrolysis 
of Plastics in Ablation, by R. Simha, 
Planetary and Space Sci., vol. 3, Feb. 
1961, p. 82. 

The Ablation of Thermosetting Plas- 
tics, by P. J. Friel, Planetary and Space 
Sci., vol. 3, Feb. 1961, pp. 83-84. 
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Introduction-Gas Phase Reactions and 
Kinetics, by S. S. Penner, Planetary 
and Space Sci., vol. 3, Feb. 1961, p. 85. 


Comparative Studies of Vibrational 
Relaxation in Nitric Oxide, by R. Monson, 
J. J. Allport and F. Robben, Planetary 
and Space Sci., vol. 3, Feb. 1961, pp. 
86-93. 


The Influence of Periodic Pressure 
Variations on Chain Reactions, by H. 
M. Wight, Planetary and Space Sci., 
vol. 3, Feb. 1961, pp. 94-98. 

Shock Layer Electron Densities Con- 
sidering the Effects of both Chemical 
Reactions and Flow Field Variation, by 
M. H. Bortner, Planetary and Space Sci., 
vol. 3, Feb. 1961, pp. 99-103. 

Measurements of Electron Attachment, 
Recombination, Elastic and Inelastic 
Collision in Atmospheric Gases, by M. A. 
Bionde, Planetary and Space Sci., vol. 3, 
Feb. 1961, pp. 104-112. 

Thermodynamic Relaxation of Atmos- 
pheric Gases in Shock Waves, by B. 
Steverding and L. Uerner, Planetary and 
Space Sci., vol. 3, Feb. 1961, pp. 113-117. 

A Survey of Methods for the Chemical 
Analysis of Transient Species, with 
Microsecond Resolution, by S. Bauer, 
N. Rol and J. Kiefer, Planetary and 
Space Sci., vol. 3, Feb. 1961, pp. 118-131. 

Radiation From the Nonequilibrium 
Region of Normal Shocks in Oxygen, 
Nitrogen and Air, by B. Kivel, P. Ham- 
merling and J. D. Teare, Planetary and 
Space Sci., vol. 3, Feb. 1961, pp. 132-138. 

Spectroscopic Measurement of the 
Temperature of Shock-Heated Oxygen, 
by W. Wurster, Planetary and Space 
Sci., vol. 3, Feb. 1961, pp. 158-161. 

Thermodynamic and Transport Prop- 
erties of Gases, by Charles Curtiss, 
Planetary and Space Sci., vol. 3, Feb. 
1961, pp. 204. 

The Present Status of Intermolecular 
Potentials for Calculations of Transport 
Properties, by R. A. Buckingham, Plan- 
etary and Space Sci., vol. 3, Feb. 1961, 
pp. 205-216. 

Intermolecular Potentials for Ionic 
Systems, by A. Dalgarno, Planetary and 
Space Sci., vol. 3, Feb. 1961, pp. 217-220. 

High Temperature Gaseous Diffusion 
Experiments and Intermolecular Potential 
Energy Functions, by R. E. Walker, L. 
Monochick, A. A. Westenberg and S. 
Favin, Planetary and Space Sci., vol. 3, 
Feb. 1961, pp. 221-227. 

An Experimental Approach to the De- 


termination of Gaseous Transport Prop- 
erties at Very High Temperatures, by 
I. Amdur, Planetary and Space Sci., vol. 3, 
Feb. 1961, pp. 228-235. 

et Properties of Atomic Hydro- 
gen, by A. Dalgarno, Planetary and Space 
Sci., vol. y Feb. 1961, pp. 236-237. 

Energy Transport in High Temperature 
and Reacting Gases, by R. 8. Brokaw, 
Planetary and Space Sci., vol. 3, Feb. 
1961, pp. 238-252. 

Molecular Interactions at High Tem- 
eratures, by C. E. Treanor and G. T. 
Seg Planetary and Space Sci., vol. 
3, Feb. 1961, pp. 253-256. 

Thermodynamic Effects of Coulombic 
Interactions in Ionized ~~ by 
Myers, J. H. Buss and S. W. Benson, 
Planetary and Space Sci., vol. 3, Feb. 
1961, pp. 257-270. 

The Thermodynamic and Electrical 
Properties of Mercury Vapor at Pressures 
Below Atmospheric and High Tem- 
peratures, by A. Sherman and F. Mar- 
tinek, Planetary and Space Sci., vol. 3, 
Feb. 1961, pp. 271-282. 

A Class of Exact Solutions of the Mag- 
netohydrodynamic Navier-Stokes Equa- 
tions, by Ching-Sheng Wu, Quar. J. 
Mech. and Appl. Math., vol. 14, part 1, 
Feb. 1961, pp. 1-19. 

The Final Stage of Decay of a Localized 
Disturbance in a Conducting Fluid in a 
Uniform Magnetic Field, by P. G. Saffman, 
Quar. J. Mech. and Appl. Math., vol. 
14, part 1, Feb. 1961, pp. 20-28. 

On Certain Functions Arising in the 
Linearized Theory of the age oe Jet, 
by H. Portnoy, Quar. J. Mec 
Appl. Math., vol. 14, part 1, Feb. "1961, 
pp. 29-35. 

Method for Measuring Time-Average 
Concentration in a Turbulent Wake of 
Electrolyte, by Robert E. Sparks and 
H. E. Hoelscher, Rev. Sci. Instr. vol. 
32, no. 4, April 1961, pp. 417-420. 

Shock Waves in 
namics, by R. V. Polovin, Soviet 
Uspekhi, vol. 3, no. 5, Mareh- — 1961, 


pp. 677-688. 


Theory of the Secular Variations in the 
Orbit of a Satellite of an Oblate Planet, 
by William A. Mersman, NASA Tech. 
Rep. R-99, 1961, 77 pp. 

Ballistic Missile and Space Technology, 
vol. 4. Reentry and Vehicle Design, 
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Donald P. LeGalley, ed., Symposium on 
Ballistic Missile and Space Technology, 
Los Angeles, Aug. 1960, Academic 
Press, N. Y., 1960, 422 pp. 


Trajectories of Lifting Bodies Entering 
Planetary Atmospheres at Shallow 
Angles, by E. Bendor, C. Kottler and 
A. R. Krenkel, pp. 89-112. 


Anomalies of the Geomagnetic Re- 
tardation of the Spin of Satellite Van- 
guard I (1958 Beta), by P. R. Arendt, 
ARS Journat, vol. 31, no. 3, March 
1961, pp. 286-289. 


Eddy Current Torque Compensation in 
a Spin Stabilized Earth Satellite, by 
L. H. Grasshoff, ARS Journat, vol. 31, 
no. 3, March 1961, pp. 290-293. 


Characteristic Velocity Requirements 
for Impulsive Thrust Transfers Between 
Non Co-Planar Circular Orbits, by L. 
Rider, ARS JourNaL, vol. 31, no. 3, 
March 1961, pp. 345-351. 


Probability of Satellite Interception by 
an Air Launched Preguided Missile, by 
Edgar M. Jacobs, George W. Morgen- 
thaler and Robert A. Sebastian, ARS 
JOURNAL, vol. 31, no. 3, March 1961, pp. 
352-355. 

Effect of Geometrical Libration on the 
— Motion of an Earth Satellite, by 

. N. Rowell and M. C. Smith, ARS 
JOURNAL, vol. 31, no. 3, March 1961, 
pp. 361-363. 

Variables That are Determinate for any 
Orbit, by Robert R. Newton, ARS 
JOURNAL, vol. 31, no. 3, March 1961, 
pp. 364-366. 

Minimum Time Ballistic Interplanetary 
Trajectory, by Vernon A. Lee and Dwight 
E. Florence, ARS JourNALt, vol. 31, no. 3, 
March 1961, pp. 435-436. 

Approximate Velocity, Position and 
Time Relationship for Ballistic Re-Entry, 
by B. P. Miller, ARS Journat, vol. 31, 
no. 3, March 1961, pp. 437-438. 

Graphical Method for Prediction of 
Time in Sunlight for a Circular Orbit, 
by G. B. Patterson, ARS JourRNAL, vol. 
no. 3, March 1961, pp. 441-442. 

Aerodynamic Influences on Satellite 
Librations, by D. M. Schrello ARS 
vol. 31, no. 3, March 1961, 


From Equilibrium Glide 
Path at Supersatellite Velocities, by 
Raymond North and Jason L. Speyer, 
ARS Journat, vol. 31, no. 3, March 1961, 
pp. 448-450. 

The Geometry of the Orbits of Artificial 
Satellites, by R. A. Struble, Archive 
Rational Mech. Analysis, vol. 7, no. 2, 
Feb. 1961, pp. 87-104. 

Estimating the Mean Square Deviation 
From a Given Trajectory, by E. A. Bar- 
bashin, Automation and Remote Control, 
vol. 21, no. 7, July 1960, pp. 661-667. 


Vehicle Design, 
Testing and Performance 


Measured Response to Wind-Induced 
Dynamic Loads of a Full-Scale Scout 
Vehicle Mounted Vertically on a Launch- 
ing Tower, by George W. Jones Jr. and 
Jean Gilman Jr., NASA Tech. Note 
D-757, April 1961, 28 pp. 

The Characteristics of a Two-Dimen- 
sional Supersonic Sail, by E. A. Boyd, 
Cranfield, College of Aeron., CoA Rep. 
143, Dec. 1960, 5 pp. 

An Analysis of Ablation-Shield Re- 
quirements for Manned Reentry Vehicles, 
by Leonard Roberts, NASA Tech. Rep. 
R-62, 1960, 25 pp. 
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